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ABSTRACT 
Thiosalt species are unstable, partially oxidized sulfur oxyanions formed in sulfur-rich 
environments but also during the flotation and milling of sulfidic minerals especially 
those containing pyrite (FeS2) and pyrrhotite (Fe(1-x)S, x = 0 to 0.2). Detecting and 
quantifying the major thiosalt species such as sulfate (SO4
2-), thiosulfate (S2O3
2-), 
trithionate (S3O6
2-), tetrathionate (S4O6
2-) and higher polythionates (SxO6
2-, where 3 ≤ x ≤ 
10) in the milling process and in the treated tailings is important to understand how 
thiosalts are generated and provides insight into potential treatment. As these species are 
unstable, a fast and reliable analytical technique is required for their analysis. Three 
capillary zone electrophoresis (CZE) methods using indirect UV-vis detection were 
developed for the simultaneous separation and determination of five thiosalt anions: 
SO4
2-, S2O3
2-, S3O6
2-, S4O6
2- and S5O6
2-. Both univariate and multivariate experimental 
design approaches were used to optimize the most critical factors (background electrolyte 
(BGE) and instrumental conditions) to achieve fast separation and quantitative analysis of 
the thiosalt species. The mathematically predicted responses for the multivariate 
experiments were in good agreement with the experimental results. Limits of detection 
(LODs) (S/N = 3) for the methods were between 0.09 and 0.34 μg/mL without a sample 
stacking technique and nearly four-fold increase in LODs with the application of field-
amplified sample stacking. As direct analysis of thiosalts by mass spectrometry (MS) is 
limited by their low m/z values and detection in negative mode electrospray ionization 
(ESI), which is typically less sensitive than positive ESI, imidazolium-based (IP-L-Imid 
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and IP-T-Imid) and phosphonium-based (IP-T-Phos) tricationic ion-pairing reagents were 
used to form stable high mass ions non-covalent +1 ion-pairs with these species for ESI-
MS analysis and the association constants (Kassoc) determined for these ion-pairs. Kassoc 
values were  between 6.85 × 102 M-1 and 3.56 × 105 M-1 with the linear IP-L-Imid; 1.89 
×103 M-1 and 1.05 × 105 M-1 with the trigonal IP-T-Imid ion-pairs; and 7.51×102 M-1 and 
4.91× 104 M-1 with the trigonal IP-T-Phos ion-pairs. The highest formation constants 
were obtained for S3O6
2- and the imidazolium-based linear ion-pairing reagent (IP-L-
Imid), whereas the lowest were for IP-L-Imid: SO4
2- ion-pair.  
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1.1 General introduction 
Thiosalts are sulfur oxyanion species that are produced in the natural sulfur-rich aqueous 
environments, such as in volcanic eruptions and hotsprings. These species are also 
produced during the crushing, milling and flotation of sulfidic ores as a result of 
oxidative processes. In addition, other important sources of thiosalts include produced 
water, photographic development wastes and waste water. 1-3 Some of the important 
species produced are thiosulfate, trithionate, tetrathionate, pentathionate and 
hexathionate. While thermodynamic considerations suggest that oxidation of sulfide 
minerals should lead to the production of sulfate, kinetic limitations largely lead to the 
formation of these intermediate species which can pass through conventional mine 
effluents treatment facilities (lime treatment) unaffected. These species are then 
discharged into surface aqueous environments where they oxidize slowly culminating in 
the generation of an acidic aqueous environment. The structures of the most common 
thiosalt species are shown in Figure 1.1.1 
 
Approaches to understanding and mitigating the generation of thiosalts are areas showing 
intense interest from industry and have stimulated research by a number of groups1-3; this 
is primarily because of the complex chemistry of these intermediate sulfur species. Most 
of the thiosalt species are formed during the processing of sulfidic ores, particularly those 
containing pyrite (FeS2) and pyrrhotite (Fe(1-x)S, x = 0 to 0.2). The pathway leading to full 
oxidation of these mineral ores includes several oxidative processes leading to sulfate 
production from the intermediate sulfur species.4-9           
3 
 
 
 
Figure 1.1. Some of the prevalent thiosalt species  
 
Accompanying the oxidative processes of these thiosalt species is the production of 
hydrogen ions (H+) which is responsible for the acidification of the freshwater that 
received the waste.  Although thiosalts in themselves have been shown to be relatively 
non-toxic, acidification can cause stress to freshwater flora and fauna, which in some 
instances can be severe enough to lead to death of vulnerable organisms. Acidification 
can also result in enhanced metal migration, which can lead to toxic metal concentrations 
in biota.1-3,10  
 
Despite extensive research on thiosalts since the 1980s, there are still many unknowns, 
particularly questions related to reaction kinetics and thermodynamics. The study of the 
reactions of thiosalts is required to better understand how to effectively treat them. 
 
thiosulfate 
 
sulfate 
 
 
 
n=1: trithionate 
n=2: tetrathionate 
n=3: pentathionate 
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However, studies of the kinetics, which can be fast and complex, are complicated by the 
limitations of the quantitative analytical methods. Many current methods such as ion 
chromatography are time-consuming; and particularly for the partially oxidized reactive 
sulfur species such as thiosalts, improved methods of analysis are required. 1-4  
 
The aim of this research is to understand the chemistry of thiosalts, investigate capillary 
zone electrophoresis (CZE) with indirect detection and electrospray mass spectrometry 
(ESI-MS) techniques for thiosalt species analysis, particularly sulfate, thiosulfate and the 
higher-order polythionates. These techniques will also be optimized to achieve fast 
analysis with high separation efficiency in CZE and high sensitivity (low limit of 
detection (LOD)) in ESI-MS, and applied to real world samples such as effluents from 
the mineral milling process and treated tailings ponds. All species in equations presented 
in the chapter are in the aqueous state unless otherwise indicated. 
 
1.2 The generation and chemistry of thiosalts from sulfidic minerals  
Many of the redox reactions occurring during the oxidation of sulfide-rich minerals 
leading to the generation of acidic effluents are still not well understood or characterized. 
Pyrite and pyrrhotite are the two most commonly occurring sulfide minerals; pyrite 
differs stoichiometrically from pyrrhotite in the crystal structure and oxidation states of 
the Fe (Fe2+/Fe3+ ) which has an effect on their reactivity during oxidation in the aqueous 
environment. Pyrite has a simple cubic NaCl-like structure with unit cells composed of 
face-centered Fe atoms at the corners and face center points of the cube and the disulfide 
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S2
2-
 subunits at the midpoints of the corners and in the center of the cubic structure.
11 
Thus, the unit structure consists of Fe-S as well as S-S bonds or Fe2+ and S2
2- ions. 
Pyrrhotite (Fe(1-x)S) consists of Fe
2+ and S2- however the amount of Fe2+ present is 
deficient allowing for this deficiency to be compensated by the presence of Fe3+. It has 
been shown that when the value of x approaches 0 such as in troilite (FeS), the amount of  
H+ ions produced during oxidation is greatly minimized and essentially only Fe2+ and 
SO4
2- are produced; however when x = 0.125 such as in the monoclinic pyrrhotite Fe7S8, 
the amount of H+ ions reaches its maximum with each mole of Fe7S8 producing 0.25 
mole of H+ in addition to SO4
2-.12 Thus the reactivity of pyrrhotite is expected to be 
higher than pyrite due to the presence of the oxidant Fe3+ in its structure. Several studies 
have also confirmed this.13-15  
 
The overall reaction leading to the production of ferric hydroxide and sulfuric acid is 
shown below:16,17 
  2FeS2 + 
15
2
 O2 + 7H2O  2Fe(OH)3 + 4H2SO4     (1.1) 
 
However it is now understood that during this oxidation process S2
2- and SO3
2- ions are 
formed during the milling and flotation process. These ions react with elemental sulfur to 
yield polysulfides that are further oxidized to thiosulfate (S2O3
2-), trithionate (S3O6
2-), 
tetrathionate (S4O6
2-) and other higher polythionates of the formula SxO6
2- where 3 ≤ x ≤ 
10. The partially oxidized intermediate sulfur species formed during this process possess 
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varying kinetic properties under different conditions in aqueous systems with the 
oxidation state of sulfur ranging from -2 in the sulfide ion (S2-) to +6 in the fully oxidized 
form sulfate ion (SO4
2-).1,8,9,10,18,19  
 
The chemistry and reaction kinetics of sulfur compounds and especially thiosalts are 
complex and several studies 1-4, 10, 20-23 have shown that reactivity strongly depends on 
temperature, pH, and presence of oxygen as well as other thiosalt species, metals and 
microorganisms24 in the environment. According to thermodynamic and equilibrium 
calculations, complete oxidation of these sulfur oxyanions lead to the formation of 
sulfate. However, as mentioned in Section 1.1, these partially oxidized species remain in 
the mining effluent due to limits imposed by mass transfer and kinetics.1, 20-25    
 
1.2.1 Chemical oxidation of sulfidic ores 
The oxidation of FeS2 and Fe1-xS to SO4
2- and ferrous iron Fe2+ in natural aqueous 
systems involves many complex redox and biochemical reactions leading to the transfer 
of electrons from the sulfur atoms of the sulfidic ore to the oxidizing agent present in the 
environment. Some of the earliest investigations on the oxidation of sulfidic ores were 
reported by Garrels et al.26 in 1960 and Singer et al.27 in 1970. In these studies, the 
investigators identified the main oxidants as Fe3+ and dissolved O2 in their papers on 
aqueous oxidation of pyrite and acidic mine drainage, respectively. 
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Recent research has also confirmed the results of this work and has shown that these 
oxidants (Fe3+ and dissolved O2) accept electrons from the pyritic sulfur and are reduced 
in the system. Other pathways of aqueous oxidation of pyrite and pyrrhotite have been 
reported in literature.28-30 The reactions below show that the pyritic-S is oxidized to SO4
2-  
while the pyritic-Fe remains unaffected (Fe2+) by the oxidation process with the oxidant 
(Fe3+ being reduced to Fe2+) as shown in equations 1.2 and 1.3.31    
 
FeS2 + 14 Fe
3+ + 8 H2O             15 Fe
2+ + 16 H+ + 2 SO4
2-    (1.2) 
  FeS2 + 
𝟕
𝟐
 O2 + H2O              Fe
2+ + 2 H+ + 2 SO4
2-     (1.3) 
The non-stoichiometric sulfide ore pyrrhotite (Fe1-xS) has been shown to be more reactive 
than pyrite due to presence of Fe3+ in its lattice structure to compensate for the deficiency 
of Fe2+  as mentioned in Section 1.2. The higher the amount of Fe3+ the more reactive the 
ore is. Nordstom et al.32 showed that pyrrhotite in aqueous systems with pH > 4 is mainly 
oxidized by both dissolved oxygen and Fe3+ ions. Benner et al.33 also showed that the 
presence of dissolved O2 is essential in the oxidation of pyrrhotite in mine wastes. Thus 
in the oxidation of pyrrhotite in natural aqueous systems both O2 as well as Fe
3+ ions 
have been shown to be responsible for the oxidation to SO4
2- and protons (H+) as shown 
by equations reaction 1.4 and 1.5.34     
Fe1-xS + (2- 
𝒙
𝟐
 ) O2 + xH2O             (1-x) Fe
2+ + SO4
2- + 2xH+  (1.4)  
Fe1-xS + (8-2x) Fe
3+ + 4H2O             (9-3x) Fe
2+ + SO4
2- + 8H+  (1.5) 
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1.2.2 Enzymatic oxidation of sulfidic ores in aqueous systems 
In addition to chemical oxidation described above aqueous oxidation also involves 
bacteria-catalyzed reaction pathways. Several Thiobacillus species have been shown to 
produce S-oxidizing enzymes that can oxidize S-species such as S2O3
2- and some 
polythionates to sulfate.35    Kelly and Wood36 showed that thiosalt species serve as 
electron-donating substrates for Thiobacilli metabolism. However as with many other 
enzymatic reactions, pH and concentration of dissolved oxygen play an important role in 
the mechanism and efficiency of these conversions in aqueous systems. The most 
important Thiobacillus species characterized in thiosalt oxidation include T. acidophilus, 
T. ferroxidans and T. thiooxidans.   
 
T. acidophilus produces the trithionate hydrolase enzyme that catalyzes the conversion of 
the S4O6
2- and S3O6
2- ions to S2O3
2- according to the following reaction scheme: 
 
S3O6
2- + H2O              S2O3
2- + SO4
2- + 2H+            (1.6) 
  S4O6
2- + H2O              S2O3
2- + S0 + SO4
2- + 2H+      (1.7) 
 
T. ferroxidans produces tetrathionate hydrolase that catalyzes the oxidation of S4O6
2- to 
SO4
2- in several steps. The overall reaction scheme is shown below: 
  S4O6
2- +  
𝟕
𝟐
 O2 + 3H2O           4SO4
2- + 6H+       (1.8) 
9 
 
The tetrathionate hydrolase from T. thiooxidans produces S2O3
2- from S4O6
2- by a 
mechanism which has been shown to be catalyzed by Cu2+ ions. The net reaction is 
shown below: 36   
4S4O6
2- + 5H2O           7S2O3
2- + SO4
2- + 10H+      (1.9)  
1.3 Thermodynamic and kinetic properties of thiosalts in aqueous systems 
The chemistry and kinetics of sulfur compounds and particularly thiosalts are very 
complex and extensive work continues to be done to understand reactivity of these 
compounds especially in terms of the influence of pH and temperature on the reaction 
kinetics of these species. Thiosalts are known to behave differently in different conditions 
of pH, temperature, presence of catalyst and even the type of thiosalt since each species 
has varying chemical and physical properties.20-25  
 
1.3.1 Reactions involving the thiosulfate ion 
Through a reaction of elemental sulfur S0 formed in the processing of sulfidic ores with 
SO3
2- ions, thiosulfate ions are produced by the reaction below:  
   S8 + 8SO3
2-          8S2O3
2-
     (1.10) 
Thiosulfate has been shown to be stable in neutral and alkaline aqueous systems at 
temperatures below 70 °C but oxidizes at temperatures above 70 °C, where it 
decomposes to SO4
2-. However in acidic media it is oxidized to S4O6
2- in the net reaction 
in the presence of oxidizing agents such as O2.
37,38
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In the presence of other thiosalt species and mild acidic conditions, S2O3
2- ions react to 
yield polythionates and other S-compounds. Thus S2O3
2- acts as a catalyst for the 
production of polythionates in the aqueous system.39    
  2S2O3
2- + 2SxO6
2-      2Sx+1O6
2- + SO3
2- + S2-  (1.11) 
Complete oxidation of thiosulfate under basic conditions results in the formation of SO4
2- 
ions. 
  S2O3
2- + 2O2 + 2OH
-     2SO4
2- + H2O     (1.12) 
Extensive work on thiosalts in aqueous systems has been performed in the Bottaro Lab to 
monitor the oxidation and degradation pathways of various thiosalt species. Vongporm40 
reported on thiosalt behavior in aqueous systems. It was shown that the thiosulfate ion 
S2O3
2- is stable at pH between 4 and 9 and at temperatures up to 30oC. It decomposes to 
S3O6
2- and SO4
2- under acidic conditions with pH ≤ 2. In addition there is also 
precipitation of elemental sulfur as can be shown by the equation below: 
  4S2O3
2- + 4H+        S3O6
2- + SO4
2- + 4S0 + 2H2O
  (1.13) 
However under strong basic conditions (pH > 10) S2O3
2- decomposes to S3O6
2- and S4O6
2-
:   
  5S2O3
2- + 6OH-         2S3O6
2- + S4O6
2- + 3H2O
   (1.14) 
Treatment options for thiosulfate in treated mine tailings include oxidation with hydrogen 
peroxide (H2O2), with ferric sulfate (Fe2(SO4)3) and some copper complexes as catalysts. 
The oxidative process involving S2O3
2- in a H2O2 - S2O3
2- system was shown to be 
dependent on the pH and the concentration of oxidant.41 Kinetic studies (Figure 1.2) also 
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showed that the reaction is first order with respect to each of the reactants. Complete 
oxidation of S2O3
2- led to the production of SO4
2-.  
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Kinetic analysis showing changes in concentration of thiosulfate in a 
hydrogen peroxide-thiosulfate reaction mixture with different initial concentration ratios. 
[S2O3
2−]0 = 0.001 M; [H2O2]0 = 0.010 M (   ), 0.015 M(   ), 0.020 M (   ) and 0.025 M (  ); 
pH 5.0; 25 °C. (Reprinted with permission from Ref 41, Copyright 2012 American 
Chemical Society) 
 
1.3.2 Reactions involving the trithionate ion 
Trithionate is essentially stable below 4 oC for pH between 2 and 9, with increase in 
temperatures from 15 oC to 30 oC leading to the formation of trace quantities of SO4
2-, 
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S2O3
2- and S4O6
2. Meyer et al.42 showed that trithionate breaks down to SO4
2-, S0 and 
SO4
2- at pH between 3.5 and 4 and temperatures above 20 °C. The upper limit of the 
experiment was 70 °C and the reaction rate depended on the temperature at least over the 
range studied.     
 
The reactions are shown below:   
  3S3O6
2-  S4O6
2- + 
𝟏
𝟖
 S8 + 2SO4
2-+ 2SO2    (1.15) 
  S3O6
2-  
𝟏
𝟖
 S8 + SO4
2-+ SO2        (1.16) 
 
Zhang and Jeffrey43 showed that at pH 7, S3O6
2- is hydrolyzed to S2O3
2- and SO4
2-. They 
found that the reaction has a pseudo first-order rate constant of 6.2 ± 0.2 x 10-7 M-1 s-1 for 
the pH range of 5.5-10.5.    
  S3O6
2-  + H2O           S2O3
2- + SO4
2- + 2H+     (1.17) 
 
However in strongly basic media (pH > 11) S3O6
2- decomposes to SO3
2- and S2O3
2-: 
  2S3O6
2- + 6OH-    S2O3
2- + 4SO3
2- + 3H2O
   (1.18)  
 
Oxidation reactions involving the trithionate ion in a chlorine dioxide – trithionate 
system, buffered by acetic acid-acetate solution between 4.35 and 5.70, has been shown 
to produce mainly SO4
2- as shown in Equation 1.19 or SO4
2- and ClO3
- in the presence of 
excess chlorine dioxide (Equation 1.20).44    
  5S3O6
2- + 8ClO2 + 14H2O
        15SO4
2- + 8Cl- + 28H+    (1.19) 
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  S3O6
2- + 4ClO2 + 4H2O
        3SO4
2- + 2Cl- + 2ClO3
- + 8H+   (1.20) 
The reaction has been shown to be first order with respect to the concentration of S3O6
2-. 
In the presence of excess chlorine dioxide, ClO3
- is also generated in high concentrations 
as shown in Figure 1.3.   
 
 
 
 
 
 
 
 
 
 
Figure 1.3. (a) Raman spectrum of the vacuum-evaporated reacting solution at [S3O6
2–]0 = 
1.75 mM and [ClO2]0 = 17.5 mM in unbuffered medium. (b) Raman spectrum of solid 
potassium chlorate shifted by +25 Raman intensity units along the left Y-axis; (c) Raman 
spectrum of the evaporated solution containing potassium chlorate, sodium sulfate and 
sodium chloride in alkaline pH (Reprinted with permission from Ref 44. Copyright 2012 
American Chemical Society) 
 
a 
c 
b 
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1.3.3 Reactions involving the tetrathionate ion 
Work done in the Bottaro lab also showed that tetrathionate is relatively stable between 
pH 2 and pH 9 for temperatures up to 30 oC; it only starts to break down when the pH is 
elevated above 9. Thus in varying the pH and temperature conditions, thiosalts in 
mixtures exhibit a complex relationship as the concentration of one form decreases and 
the concentrations of the other species increase. In addition to the above pentathionate 
S5O6
2- ions are generated.  
 
These are consistent with work done by Zhang et al.45 where they showed that in the pH 
range of 6 and 8 degradation of S4O6
2- is catalyzed by S2O3
2- through a rearrangement 
mechanism to form S3O6
2- and S5O6
2-. Subsequently, S3O6
2- further hydrolyzes to S2O3
2- 
and S5O6
2- undergoes a further rearrangement reaction.  
 
The reactions involving the transformation of S4O3
2- are shown below: 
  S4O6
2- + S2O3
2-  S5O6
2- + SO3
2-     (1.21) 
S4O6
2- + SO3
2-  S2O3
2- + S3O6
2-     (1.22) 
 
At pH > 11 the predominant decomposition pathway of S4O6
2- is the formation of S2O3
2- 
and S3O6
2-: 
     4S4O6
2-+ 6OH-  5S2O3
2- + 2S3O6
2-+ 3H2O     (1.23) 
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Tetrathionate oxidation to sulfate ions by hydroxyl radicals provides a much better 
alternative to treating the polythionates in acid mine drainage (AMD) environments than 
the addition of lime or carbonate neutralization. Work done by Druschel et al.21 showed 
that enhanced oxidation of S4O6
2- to SO4
2- is achieved by using OH radicals generated by 
Fenton’s reagent. The kinetics suggested a rate constant greater than 108 M-1 s-1.  
 
Thiosalts have limited reactivity in the presence of hydrogen peroxide but this is 
improved in the presence of Fenton’s reagent. To generate the hydroxyl radicals, H2O2 is 
treated with Fe2+ in an acidified solution according to the equation below. 
H2O2 + H
+ + Fe2+  OH˙ + H2O + Fe
3+   (1.24) 
 
1.3.4 Reactions involving the pentathionate and hexathionate ions 
Higher order polythionates are formed at low concentrations during the redox and 
microbial oxidation of sulfidic ores particularly pyrites and pyrrhotites. Lu et al.47,48 have 
shown that during the oxidation of thiosulfate with hydrogen peroxide (H2O2) and 
chlorite (ClO2
-) higher polythionates including S4O6
2-, S5O6
2-, S6O6
2- and S7O6
2- are 
formed. These higher order species consequently hydrolyse or oxidize to form other S-
species such as SO4
2-, S2O3
2- and S3O6
2-. 
 
Some of the intermediate reactions leading to the formation of some of S4O6
2- and S5O6
2- 
are shown below: 
  S2O3
2- + H2O2   HS2O4
2- + OH-     (1.25) 
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S2O3
2- + HS2O4
2- + H+    S4O6
2- + H2O      (1.26) 
S4O6
2- + S2O3
2-     S5O6
2- + SO3
2-     (1.27) 
 
S5O6
2- degradation has been shown to be dependent on the concentration of OH- ions and 
initial S5O6
2- concentration; higher concentrations of OH- (high pH) lead to higher 
degradation rates.49 The net reaction for the degradation of S5O6
2- is shown in equation 
1.28 below: 
  2S5O6
2- + 6OH-       5S2O3
2- + 3H2O    (1.28) 
 
However the formation of elemental sulfur S0 suggests that S5O6
2- decomposes via a 
S4O6
2- pathway:  
S5O6
2-        S4O6
2- + S0      (1.29) 
    S0 + SO3
2-        S2O3
2-      (1.30) 
 
Figure 1.4 shows the HPLC chromatograms of the oxidation pathways of S5O6
2- to the 
major products S2O3
2- and S4O6
2- in an alkaline medium. Other thiosalt species such as 
S6O6
2- and SO3
2- were also detected in the reaction mixture indicating that side reactions 
may also be occurring. 
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Figure 1.4. Chromatogram showing the oxidation of S5O6
2- monitored by HPLC 
(Reprinted with permission from Ref. 49 Copyright 2011 American Chemical Society) 
 
 
Pan et al.49 showed that S2O3
2- has no effect on the kinetics of the conversion of S5O6
2- to 
S6O6
2- and S4O6
2- therefore the most probable mechanism will be: 
S5O6
2- + S3O3OH
-  S6O6
2- + S2O3OH
-    (1.31) 
S5O6
2- + SO3
2-   S4O6
2- + S2O3
2-    (1.32) 
 
Experiments studying alkaline decomposition of hexathionate have been shown to mainly 
yield S2O3
2- and S5O6
2-. In addition to these, elemental sulfur S0, S4O6
2- and S7O6
2- have 
also been observed in small but detectable concentrations. Since higher polythionates are 
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not stable in strongly alkaline conditions over a longer period of time, it is proposed that 
S6O6
2-  decomposition will favour the formation of the more stable species S2O3
2- and 
elemental sulfur S0: 
2S6O6
2- + 6OH-      5S2O3
2- + 2S0 + 3H2O   (1.33) 
  
Pan et al.50 also proposed a kinetic model that shows the formation of the major species 
shown above as well as the intermediate species such as S4O6
2-, S5O6
2- and SO4
2-. Some 
of the potential reactions are shown below:   
S6O6
2- + OH-       S2O3
2- + S4O3OH
-     (1.34) 
2S6O6
2-     S5O6
2- + S7O6
2-     (1.35) 
S4O6
2- + S2O3
2- S5O6
2- + SO3
2-      (1.36) 
S5O6
2- + S2O3
2-     S6O6
2- + SO3
2-      (1.37) 
S5O6
2- + OH-        S2O3
2- + S3O4H
-    (1.38) 
 
The decomposition pathway of S5O6
2- follows a similar trend to that of S5O6
2- with the 
generation of higher polythionates such as S7O6
2- in the reaction mixture as shown in 
Figure 1.5. 
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Figure 1.5. HPLC chromatograms of the alkaline decomposition of hexathionate 
(Reprinted with permission from Ref. 50 Copyright 2013 American Chemical Society)  
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1.4 An overview of analytical techniques for detecting and quantifying thiosalts  
1.4.1 Chromatographic techniques 
Extensive analytical work has been done in the area of separation and quantitation of 
sulfur species in the natural environment including water, air, and soil.51-64  Because these 
species are essentially inorganic anions, ion exchange chromatography (IC) coupled with 
different detection systems has been most commonly used for their determination and 
quantitation. IC is a well-established and robust technique with broad application in the 
determination of inorganic anions with good reliability.51 The technique makes use of 
columns packed with either anion or cation exchange resins with suitable detectors such 
as spectrophotometric, conductivity and electrochemical. Several variations of the 
technique also exist. Until recently the most analyzed species of sulfur was sulfate but 
awareness of the environmental impact of the intermediate sulfur species particularly the 
thiosalts have led to the development of IC techniques for their analysis.51-54  
 
In 1993, Friedhelm et al.52 developed an IC technique for the determination of thiosulfate 
and tetrathionate ions present in natural water samples and in some microbial cultures 
containing sulfur-metabolizing bacteria. They were able to achieve complete separation 
(Figure 1.6) by eluting the samples with acetonitrile/methanol mixture on a Sykam LCA 
A08 polymer-coated, silica-based anion exchange column coupled to UV detector at 216 
nm. Up to lower µM range of concentrations could be detected for the analytes.  
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Figure 1.6. Ion chromatogram of some sulfur oxyanions. Eluent consisted of 70% ACN, 
10% MeOH and 200 mM NaCl. Concentration of sulfur anions were 10 μM S4O6
2-, 50 
μM S3O6
2- and 25 μM S2O3
2- (Reprinted with permission from Ref. 52 Copyright 2006 
John Wiley and Sons) 
 
 
Miura et al.53 demonstrated the separation and detection of thiosalt species by 
postcolumn iodine-azide reaction. In this work five S-species (S2O3
2-, S3O6
2-, S4O6
2-, 
S5O6
2- and S6O6
2-) were separated on an octadecylsilica (ODS) column and eluted with 
acetonitrile-water mobile phase using tetrapropylammonium salt as an ion-pair agent in 
the separation. Iodine was detected as triiodide spectrophotometrically at 350 nm 
catalyzed by each thiosalt species after separation in the column. The method was 
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successfully applied to determining thiosulfate and polythionates in diluted hotspring 
samples. Figure 1.7 below shows the separation of the sulfur species on an ODS column.  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.7.  Chromatograms of five sulfur oxyanions in a mixture. Peak identification: 1. 
S2O3
2− (50 nM), 2. S3O6
2− (70 μM), 3. S4O6
2− (3.5 μM), 4. S5O6
2− (0.10 μM), 5. 
S6O6
2− (0.15 μM). (Reprinted with permission from Ref. 54 Copyright 2001 Elsevier) 
 
 
 
In another study Chen et al.54 analyzed five sulfur species used as food additives using IC 
with post-column derivatization with iodine and UV detection at 288 nm. A Dionex 
Ionpac AS22A (250 mm x 4mm ID) column was used for the separation with an eluent 
mixture of 4.5 mM sodium carbonate and 0.8 mM sodium bicarbonate. The time for the 
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last eluting peak was 35 min. The chromatogram below (Figure 1.8) shows the separation 
of the sulfur species. 
 
 
 
 
 
 
 
 
 
Figure 1.8.  Chromatogram of a mixture of five sulfur anions. Peaks: 1. formaldehyde 
sulfoxylate (1.0 mg/L); 2. sulfide (10 mg/L); 3. sulfite (10 mg/L); 4. thiocyanate (10 
mg/L); 5. thiosulfate (7.0 mg/L).  (0.15 μM). (Reprinted with permission from Ref. 54) 
 
 
Despite the good results obtained using IC, there is a high cost of consumables, only 
moderate separation efficiency and speed, as well as lack of tolerance to some sample 
matrices, such as those with high ionic strength. Therefore high speed and cost effective 
as well as robust methods such as those using CE are attractive complements to IC.55-66    
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1.4.2 Capillary electrophoresis 
Since Michaelis67 coined the word ‘electrophoresis’ in 1909 after studying the migration 
of colloids in an electric field, and Tiselius68 in 1937 applied the technique to performing 
‘moving boundary electrophoresis’ to characterize the mobility of ionic protein analytes, 
the development of capillary electrophoresis (CE) has seen a significant growth from the 
early 1980s until now. CE is a powerful analytical separation technique for speciation 
analysis of environmental and biological molecules, inorganic ions and a variety of other 
compounds. Separation performance in terms of analysis time and throughput in CE is 
superior to most analytical techniques, such as HPLC and IC.51 In addition, CE also 
required small amounts of consumables such as solvents and small sample volumes (nL 
range) leading to low waste generation (green). As mentioned previously, CE detection in 
nearly all cases requires a shorter analysis time compared to other analytical separations 
and this leads to reduced costs and improvement in quality control procedures. Despite 
the obvious advantages CE offers over more common analytical methods, adoption by 
industry for routine analysis has been slow, primarily hindered by a lack of robust 
methods and limited knowledge held by traditional analytical chemists of the technique’s 
operational parameters. 
 
CE is well suited for the analysis of thiosalts particularly with regard to industrial 
application of the technique, as these species are unstable and CE provides the high 
throughput analysis needed for better correlation between the analytical results and 
characteristics of the source. In addition, proper process and environmental controls 
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require detailed and reliable knowledge of speciation, which can be best obtained using 
CE. Therefore, CE can be used for analysis of thiosalts in studying their kinetic and 
thermodynamic properties required for optimization of the hydrometallurgical processing 
as well as waste-stream treatment. Furthermore CE can be coupled to MS to provide 
identification of the species on the basis of their mass-to-charge ratios. Studies involving 
analysis of some thiosalt species using CE have been a great success showing superior 
speed, sensitivity and reliability.1,4,7,52,53 Consequently, CE has been applied for the 
separation of various inorganic sulfur oxyanions as well as other sulfur-containing 
species based on direct and indirect modes of CE detection.4,5,7,56,71 Indirect methods are 
more commonly used for sulfur oxyanion species due to the fact that some of the 
important species such as SO4
2-and SO3
2- exhibit very weak or no UV absorbance in the 
direct CE mode. Hence CE with indirect UV detection helps to compensate for this 
challenge.  
 
Fundamentally, separation of analytes in CE is generally due to differences in mobilities 
of analyte ions in an electrolyte solution under an applied electric field and this is a 
function of the hydrodynamic radius and charge of the analytes. Movement of the 
analytes are due to combined action of their electrophoretic mobility, which is an inherent 
property of the ion, as well as the electroosmotic flow (EOF) both of which are a result of 
the applied electric field across the capillary. Several variations (modes) of CE separation 
techniques are in use in CE including capillary zone electrophoresis (CZE), capillary 
isoelectric focusing (CIEF), capillary gel electrophoresis (CGE), capillary 
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isotachophoresis (CITP), micellar electrokinetic chromatography (MEKC) and capillary 
electro-chromatography (CEC).69 
 
The migration velocity, 𝑣, of an analyte under the influence of an electric field is given 
by:70 
    𝑣 =  𝜇𝑒𝑝𝐸 =  𝜇𝑒𝑝
𝑉
𝐿
      (1.39) 
where v is the migration velocity (cm s-1), µep is the electrophoretic mobility (cm
-2 V-1s-1), 
V is the applied voltage (V) and L is the length of the capillary (cm). The µep is an 
inherent property of the charged analyte and is given by: 
 
    𝜇𝑒𝑝 =
𝑞
6𝜋𝜂𝑟
       (1.40) 
where q is net charge on the ion, η is the viscosity of the buffer system, and r is the 
Stokes’ ionic radius of the analyte. 
 
 
Above pH 3, the silanol (Si-OH) groups inside a fused-silica capillary are deprotonated 
leaving negatively charged groups (Si-O-) at the surface.71 An electric double layer 
consisting of the immobile negatively charged silanol groups on the wall of the capillary 
and excess cations tightly adsorbed onto the surface of the capillary to compensate for the 
negatively charged wall is formed (Figure 1.9).  The formation of this electric double 
layer results in a potential - zeta potential - that decays exponentially from the wall of the 
capillary towards the bulk solution.  For a 1 mM electrolyte solution made of monovalent 
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ions, the thickness of the electric double layer will be 10 nm and at a concentration of 0.1 
M, the thickness will be 1 nm.72 When an electric field (E) is applied to the capillary, the 
excess cations in the diffuse part of the electric double layer cause a uniform bulk plug-
like flow (as opposed to the parabolic flow of hydrodynamic profile of pressure-driven 
systems such as in HPLC) of the buffer solution within the capillary towards the cathode 
(Figure 1.10). This bulk flow phenomenon is called electroosmotic flow (EOF). 
 
 
 
 
 
 
Figure 1.9. Charged fused-silica capillary surface showing the charged silica wall (Si-O- 
groups) and the electric double layer (compact and diffuse layers of excess cations)  
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Figure 1.10. Comparison of flow profiles of electroosmotic flow (such as in CE) and 
hydrodynamic flow (such as in HPLC) 
 
Under cathodic EOF conditions, cations are attracted towards the cathode and the anions 
towards the anode.  When the EOF exceeds that of the electrophoretic mobilities of the 
anionic constituents, detection of all constituents (cation, anions, neutrals) can occur.  
The EOF depends on factors such as the buffer pH and concentration, applied voltage (V) 
and the addition of organic modifiers. The EOF (𝜈𝑒𝑜 ) is defined by the Helmholtz-
Smoluchowski equation73: 
    𝜈𝑒𝑜 =
𝜀𝜁
𝜂
       (1.41) 
where ε is the dielectric constant, 𝜁 is the zeta potential close to the wall, and 𝜂 is the 
viscosity of the buffer system.  
 
 
 
 
  
High 
pressure 
Low 
pressure 
 
 
 
 
 
29 
 
The zeta potential increases as a reciprocal square-root of the ionic strength I of the 
background electrolyte system (Equation 1.42).  
    𝜁 ~ 
1
√𝐼
          (1.42) 
 
During electrophoretic separation, with the detector placed at the cathode, the observed or 
apparent mobility, 𝜇𝑎𝑝𝑝, of an ion is given by the sum of the electroosmotic mobility, 
𝜇𝑒𝑜 , of the solution and the electrophoretic mobility 𝜇𝑒𝑝 of the ion (Equation 1.43).  
    𝜇𝑎𝑝𝑝 = 𝜇𝑒𝑜 + 𝜇𝑒𝑝      (1.43) 
Under cathodic conditions (positive polarity), a cation has 𝜇𝑒𝑝 with the same sign as the 
𝜇𝑒𝑜  and therefore the 𝜇𝑎𝑝𝑝 > 𝜇𝑒𝑝. For anions, the two terms 𝜇𝑒𝑜  and 𝜇𝑒𝑝 have different 
signs. Under these conditions, high mobility anions may never reach the detector and 
therefore reversal of polarity is necessary to detect such anions. 
 
1.4.2.1 CE Separation techniques for inorganic ions 
Capillary zone electrophoresis (CZE) is the most common CE mode for the separation of 
inorganic anions. There are important parameters that need to be considered when 
applying CZE for separations. These include the background electrolyte (BGE), pH, 
organic modifiers (additives), applied voltage and polarity, capillary dimensions and 
capillary temperatures, among others. For the detection of inorganic anions such as sulfur 
oxyanions, an additional requirement will be to also select the most appropriate EOF 
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modifier to allow for the detection of the anions in the shortest possible time. EOF 
modifiers, such as cationic surfactants, are added to the BGE to form a dynamic coating 
on the surface of the capillary and impart a positive charge to the surface of the capillary. 
A reversed polarity electric field can then be applied for the separation. As the EOF and 
the anions are moving in opposite directions, modification of the EOF to either slow it 
down substantially or to reverse it is necessary to achieve fast analysis times.74 Some of 
the selected BGE systems for inorganic sulfur anions reported are presented in Table 1.1.  
 
In micellar electrokinetic chromatography (MEKC), one of the most important modes of 
electrokinetic chromatography (EKC), a pseudo-stationary phase in the form of an 
anionic or cationic surfactant is added to the BGE at a concentration above its critical 
micelle concentration (CMC) in order to form micelles. The analytes are separated based 
on their differential affinity for the micelles and as a result of their partitioning behaviour 
between the micellar phase and the aqueous phase.79 The most common surfactants used 
for anionic separation in MEKC are sodium dodecyl sulfate (SDS) and cetyltrimethyl-
ammonium bromide or chloride (CTAB or CTAC), tetradecyltrimethylammonium 
bromide (TTAB), sodium cholate and sodium deoxycholate.80-81  
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Table 1.1. Selected CZE applications for the analysis inorganic sulfur anions  
BGE system Buffer additives Sulfur species 
analyzed 
Reference 
5 mM Na2CrO4, pH = 9.4,  
λ = 374 nm 
4 mM TTAOH,     
10 mM CHES 
(anti-coagulant)  
SO4
2-, SO3
2-, 
S2O3
2-, S2O4
2- 
 
[5] 
1.5 mM PMA + 10 mM Tris;  
pH = 8.0, λ = 214 nm 
0.5 mM CTAB S2O3
2-,  S2O3
2-, 
SCN- 
 
[57] 
2.25 mM PMA + 6.5 mM NaOH 
+ 1.6 mM TEA; pH = 10, λ = 254 
nm 
0.75 mM HMOH  S2-, SO4
2-, SO3
2-, 
SCN-, S2O3
2-, 
S2O6
2-, S2O8
2- 
 
[76] 
10 mM Na2CrO4, pH = 11,  
λ = 275 nm 
2 mM TTAOH S2-, SO4
2-, SO3
2-, 
S2O3
2- 
 
[77] 
1.5 mM PMA + 10 mM Tris;  
pH = 7.0, λ = 214 nm 
0.5 mM DETA, 
0.1% 
formaldehyde 
(stabilizer) 
S2-, SO4
2-, SO3
2-, 
S2O3
2-, S2O4
2- 
 
[78] 
 
TTAOH – tetradecyltrimethylammonium hydroxide 
CHES – 2-(cyclohexylamino) ethanesulfonic acid 
HMOH – hexamethonium hydroxide 
DETA – diethylenetriamine (dien) 
 
 
Although not many MEKC methods have been published on inorganic anions, there have 
been numerous applications of the method to important environmental analytes such as 
polyaromatic hydrocarbons (PAHs),82 pesticide samples83 and phenolic compounds84,85 
One interesting application of MEKC with ESI-MS was the use of ammonium 
perfluorooctanoate (PFOA) as a volatile surfactant for the analysis of N-methylcarbamate 
pesticides by MEKC-ESI-MS in the Bottaro lab.86 Table 1.2 summarizes the application 
of MEKC for other environmental samples and sulfur anions of interest. 
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 Table 1.2. Some MEKC application for environmental analysis 
BGE system Surfactant 
used 
Analyte Reference 
Phosphate-borate, pH = 8.0  SDS  N-methylcarbamates and 
metabolites in water 
[87] 
Ammonium chloride-ammonia, 
pH = 8.5 
SDS Imidachloprid and 
metabolites in tomato 
[88] 
Borate, pH = 9.0 SDS/β-
cyclodextrin 
(CD) 
2,4-dinitrophenyl-
hydrazine (DNPH)-
aldehyde derivatives in 
emissions from vehicles 
 
[89] 
20 mM 2-(N-morpholino) 
ethanesulfonic acid (MES), 20 
mM Histidine (His), pH = 6.2  
0.2 mM 
CTAB 
SO4
2-, NO3
-, Cl-  
[90] 
5 mM chromate, pH = 8.0 0.25 mM 
CTAC, 
MeOH 
(30%) 
SO4
2-, NO3
-, Cl-, F-, 
ClO4
- 
 
[91] 
 
 
 
Several inorganic ions have also been analyzed by microchip electrophoresis (MCE).92-98 
Table 1.3 shows some of the important inorganic ions analyzed by MCE.  
 
Table 1.3. Selected MCE analysis of inorganic anions in the environment 
MCE system and mode Detection 
system 
Analytes LOD Reference 
PMMA, CZE  CD Cl-, SO4
2-, NO3
- 0.4 – 1.2  μM [95] 
PMMA, 
isotachophoresis (ITP) - 
CZE 
CD F-, PO4
2-, NO2
- 0.5-0.7 μM [96] 
PDMS, CZE CD SO4
2-, NO3
- 1 μM [97] 
Borofloat glass, CZE  CD SO4
2-, HCO3
-, Cl- 10 μM [98] 
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1.4.2.2 Detection of inorganic ions in CE 
UV-vis detectors have been used most frequently for detection in CE. This is achieved as 
the analytes are separated into zones during electrophoresis and the absorbance of the 
analytes zone correlated to the concentration of the analyte. In addition to UV-vis 
detection for CE, other detectors have been employed based on techniques such as laser-
induced fluorescence, conductivity, and mass spectrometry. Compared to HPLC the LOD 
obtained in CE is generally higher. This is partly due to typically nL sample volume 
injection in CE compared to μL in HPLC. In addition on-column detection in small 
capillary diameters (short pathlengths) in the 25 – 100 μm range account for the higher 
detection limits. However advances in on-column detection techniques such as the use of 
extended light pathlengths, Z-shaped capillary design at the detection and the use of 
liquid-core waveguides have led to higher sensitivities (~ 3 – 10 fold in LOD 
improvements).99 In addition more sensitive detection techniques such as conductivity 
and mass spectrometry have led to lower LODs in CE. A summary of typical LODs for 
the different detection modes for CE are presented in Table 1.4. 
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Table 1.4. Detection techniques in CE and detection limits [adapted from Ref. 100] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.4.2.2.1 CE with direct UV-vis detection 
In direct UV-vis detection, an electrolyte with very low or no absorption at the desired 
wavelength is used and the positive absorbance peaks are monitored for each analyte 
zone. The obvious advantages of using direct UV-vis detection are the ease of monitoring 
UV absorbing analytes and the possible use of high concentration of the carrier 
electrolytes. LODs are generally in the range of 10-5 – 10-6 M for both direct UV-vis 
detection with standard capillary window pathlengths. Extended pathlengths can give 
LOD values well below 10-6 M.100 
 
Detection Mode Typical LOD range (M) 
  
Direct UV absorption  10-5 – 10-7 (standard pathlength) 
10-8 (extended pathlength) 
Indirect UV absorption 10-5 – 10-7 
Direct laser-induced 
fluorescence LIF (on-column) 
10-10 – 10-11 
Indirect LIF 10-5 – 10-7 
Post-column LIF 10-16 (single molecule) 
Refractive index 10-5 – 10-6 (capillary) 
10-5 (microchip) 
Conductivity 10-7 – 10-8 
Amperometry 10-7 – 10-8 
Potentiometry 10-7 – 10-8 
Raman  10-3 – 10-6 (pre-concentration 
required) 
MS 10-8 – 10-9 
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1.4.2.2.2 CE with indirect UV-vis detection  
Whereas in CE with direct UV detection, a buffer system with low or no UV absorbance 
is used to detect UV absorbing analytes, CE with indirect UV detection makes use of a 
strongly absorbing probe added to the buffer system to give a consistently high 
absorption during the electrophoretic run. Thus, both UV-absorbing and non UV-
absorbing analytes can be detected. Some additional considerations, however, must be 
taken into account with indirect UV-vis detection. The chromophoric probes selected for 
the analysis must meet certain conditions such as high molar extinction coefficient at the 
chosen detection wavelength, reasonable mobility match to the anions for improved 
sensitivity (symmetrical peak shape) and be unreactive toward the analytes.5-7,53  
 
 
During electrophoretic separation, the analyte ions form zones (termed eigenzones) as a 
function of their electrophoretic mobilities. In the ‘eigenzone’ the composition of the 
BGE may be slightly different from the surrounding buffer environment.  101-103 Here, 
competitive processes, such as charge repulsion, allow analytes having the same charge 
as the probes to displace chromophoric probes and reduce their concentration in the 
eigenzone, which leads to a reduction in the background absorption resulting in 
‘negative’ peaks. The area of the peak is then correlated to the concentration of the 
analytes in the eigenzone. Structures of some of the chromophoric probes are shown in 
Figures 1.11. 54, 101-103 
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Figure 1.11. Some chromophoric probes (fully charged) used in CE indirect UV-vis 
detection.  
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1.4.2.2.3 Selected applications of CE with direct UV-vis detection 
O’Reilly et al.8 developed a fast direct CE technique for separation of 4 sulfur anion 
species within 3 min in gold thiosulfate effluents. The BGE consisted of 25 mM bis(2-
hydroxyethyl)amino-tris(hydroxymethyl)methane (BIS-TRIS) adjusted to pH 6.0 with 
H2SO4 and the sulfur species were detected at 195 nm (Figure 1.12). LOD values of 1 μM 
(S3O6
2- and S4O6
2-) were achieved, as well as a large linear range of 10-8000 μM for the 
sulfur species. This method was not applied to detecting other sulfur species such as 
SO4
2-, SO3
2- and S6O6
2- .  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.12: :  Electropherogram showing the separation of 0.1 mM thiosulfate and 0.08 
mM each of S2O3
2-, S3O6
2-, S5O6
2-  and the gold(I) thiosulfate complex.  The BGE 
composed of 25 mM Bis-Tris adjusted to pH 6.0 with H2SO4, and a detection wavelength 
of 195 nm. (Reprinted with permission from Ref. 8 Copyright 2000 Wiley and Sons). 
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Jankovskiene et al.104 developed an in-capillary derivatization method (Figure 1.12) for 
the analysis of some sulfur-oxyanion species using CE with direct UV-Vis detection. In 
this experiment sulfite was reacted with iodine and the resulting iodide ion was detected 
and correlated with the concentration of the sulfite ion. The principle of the in-column 
technique is shown in Figure 1.13. The method was applied for the analysis of a standard 
solution containing Br-, I-, S2O3
2-, SO3
2- and NO3
- anions. Very good correlation was 
obtained for all the anions analyzed.  The electropherogram of the analysis is shown in 
Figure 1.14.  For sulfite a linear calibration range between 1 × 10−5 and 8 × 10−4M of 
sulfite was obtained with the LOD value determined to be 2 × 10−6 M.  
 
 
 
 
 
: 
 
 
 
Figure 1.13. 5-step in-column derivatization of sulfite with iodine and U-detection of 
iodide (Reprinted with permission from Ref. 104 Copyright 2001 Elsevier) 
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Figure 1.14. Electropherogram of a standard solution of Br−, I−, S2O3
2−, SO3
2− and 
NO3
− anions. Electrolyte composed of 20 mM Tris-HCl, 2 mM CH3COONa. The 
electrolyte pH was 5 and the applied voltage was −20 kV. Direct UV detection was at 
214 nm. (Reprinted with permission from Ref. 104 Copyright 2001 Elsevier) 
 
In another study, Daunoravicius and Padarauskas developed a CE with direct UV 
detection method based on the similar iodine derivatization technique to successfully 
detect and quantify three sulfur anions: sulfite, sulfide and thiosulfate species in spent 
fixing solutions (waste from photographic developing).105 In this study the iodine was 
injected from the anodic end of the capillary and a high reversed potential applied (Figure 
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1.15). The separated species react with iodine with the resultant iodide ion being detected 
and correlated to the concentration of the sulfur species. The electropherogram obtained 
from the analysis is shown in Figure 1.16. The LOD obtained for this technique for the 
three species ranged from 0.5 µM for S2O3
2- to 2 × 10-6 µM SO3
2-.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.15. In-column derivatization and direct CE-UV detection of some sulfur anions 
with iodine. (Reprinted with permission from Ref. 105 Copyright 2001 Elsevier) 
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Figure 1.16. Electropherogram of 1:500 diluted spent fixing solution sample showing the 
presence of some sulfur anions. The electrolyte consisted of 20 mM Tris-Cl, pH 8.5. 
Applied voltage was -30 kV and direct UV detection made at 214 nm. (Reprinted with 
permission from Ref. 105 Copyright 2001 Elsevier) 
 
1.4.2.2.4 Selected applications of CE with both direct and indirect UV-vis detection 
A study by Chen et al.58 utilizing both direct and indirect UV detection for CE was 
applied to the analysis of some sulfur species. For the indirect CE analysis 2,6- 
pyridinedicarboxylic (PDCA), benzoate, phthalate and trimellitate were used separately 
as the BGE absorbing probes with tetradecyltrimethylammonium bromide (TTAB) as the 
EOF modifier. The sulfur species investigated included S2O3
2-, SO4
2-, SO3
2- and S2-. 
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Detection limit ranges achieved for the direct and indirect CE analysis were 3 – 7 μM and 
2 – 6 μM respectively. 
 
Padarauskas et al. developed a rapid determination of S2O3
2- and some polythionate 
anions and applied the technique to the analysis of sulfur species in photographic spent 
fixing solutions (photographic developing waste).66 Both direct and indirect CE 
detection modes were examined. For the indirect analysis the BGE composed of 5 mM 
H2CrO4, 1 mM HMOH and the pH adjusted to 8.0 with triethanolamine. The peaks were 
detected at 254 nm. The sulfur species detected with the indirect CE technique included 
S2O3
2-, SO4
2-, SO3
2- and S4O6
2- (Figure 1.17).  
 
 
 
 
 
 
 
 
 
Figure 1.17:  Electropherogram of 1:200 diluted spent fixing solution sample at 10 h into 
an anodic oxidation process. Electrolyte, 5 mM H2CrO4, 1 mM HMOH, pH adjusted to 
8.0 with triethanolamine. Peaks: 1. S2O3
2−; 2. Br−; 3. Cl−; 4. SO4
2−; 5. NO3
−; 6. SO3
2−; 7. 
S4O6
2−. (Reprinted with permission from Ref. 5 Copyright 2000 Elsevier) 
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1.4.2.2.5 Selected applications of CE with indirect UV-vis detection 
Liang utilized an indirect CE method for the detection and quantitation of sulfur anions 
including SO4
2-, SO3
2-, S2O3
2- and HS- generated during the corrosion process of alloy 
production.5 The BGE consisted of 5 mM Na2CrO4 as the absorbing probe, 4 mM 
tetradecyltrimethyl-ammonium hydroxide (TTAOH) as the EOF modifier, 10 mM 2-
(cyclohexylamino) ethanesulfonic acid (CHES) as anti-coagulant (to prevent precipitation 
of chromate-TTAOH complex) and 0.1 mM calcium gluconate. The BGE pH was 9.4 and 
the detection wavelength was 374 nm. The method was however not able to resolve SO3
2- 
and S2O4
2- under any of the experimental conditions. Detection limits of 0.5 μg/mL were 
achieved for the sulfur anions with good repeatabilities of 0.1% and 0.5% for S2O3
2- and 
SO4
2-, respectively.  
 
Another indirect CE method for sulfur species was developed by Motellier et al. for the 
detection of the sulfitolysis (disulfide cleavage) products of S4O6
2-.55 The BGE consisted 
of 2 mM 5-sulfosalicylic acid (SULSAL), 0.5 mM TTAOH (EOF modifier), with pH 
adjusted to 7.00 with Bis-Tris. S4O6
2- was determined indirectly as S3O6
2- as a result of a 
rearrangement reaction of S4O6
2-. No higher order polythionates were determined with 
this method. A LOD value of 5 μM was achieved for S2O3
2- and S4O6
2-, 2.5 μM for SO4
2- 
and 6 μM for S3O6
2-. 
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1.4.2.2.6 CE with Electrochemical detection     
The two most common electrochemical detection techniques in CE are conductivity and 
amperometric detection. LOD values in the range 0.001 µM to 0.1 µM can easily be 
achieved using this detection technique with CE.106  
 
For environmental analysis, CE with conductivity detection has been the preferred 
electrochemical detection mode as it is more applicable to ions than amperometric 
detection (AD).106 In this technique, two electrodes are put in contact with the electrolyte 
solution in a cell and a high frequency alternating current (AC) is applied across the 
electrodes. Analyte ions introduced in the electrolyte system cause an increase in the 
conductivity between the electrodes by decreasing the electrical resistance of the 
electrolyte as they pass through the electrode gap. The change in electrical conductivity is 
then correlated to the concentration of the analyte ions. CD detection is considered 
universal and generally has lower background noise compared to UV-vis detectors. The 
sensitivity of CD can be further enhanced by using suppression conductivity.107  
 
Hissner et al.57 utilized conductivity detection for CE (Figure 1.18) and achieved LOD 
values in the 8 – 50 ng/mL range. The technique worked better than CE with indirect 
detection as all the anions gave sufficient conductivity. The BGE was composed of 50 
mM CHES, 35 mM LiOH, 0.03% Triton X-100.  
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Figure 1.18. Electropherogram of some sulfur anions and chloride. BGE:  35 mM LiOH, 
Capillary: 72 cm × 50 μm, voltage: −25 kV, detection: conductivity 1 μS/cm, injection: 
25 mbar for 12s 10 µg/mL anion standard mixture (Adapted and reprinted with 
permission from Ref. 57 Copyright 1999 Elsevier) 
 
 
Currently capacitively coupled contactless conductivity detection (C4D) is seeing more 
applications for CE and MCE systems especially for environmental inorganic ions as the 
design and operational performances are enhanced.108 Table 1.5 summarizes some of the 
recent developments in the use of C4D for CE and MCE. Although to our knowledge, no 
application has been made with CE-C4D for the detection of sulfur anions, this will be an 
area where application could be seen in the near future.  
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Table 1.5. Some applications of CE-C4D for environmental samples 
Analytes BGE composition CE mode Limit of 
detection 
Reference 
Glyphosate and its 
metabolites  
12.0 mM His + 
8.0 mM MES + 75 µM 
CTAB + 3% methanol, pH 
6.3 
CZE 0.005 µg/L 
0.06 µg/L 
 
[109] 
Trace heavy metals 30 mM MES + 30 mM His  EPC-CE 0.95 – 6.8 µg/L [110] 
Chemical warfare 
agents 
7.5 mM MES/His, pH 6 portable 
CE 
4.1 – 5.0 µM   
[111] 
Nerve agents 7.5. mM MES/His, pH 6 CE 
portable 
15.2 –26.1 µ M   
[112] 
Toxic metals (Cr
3+
 , 
Pb
2+
 , Hg
2+
 , Ni
2+
) 
10 mM His + 4 mM Tart, 
pH 5.5, 2 mM 18-crown-6 
CZE 0.005 –
2.32 µg/L 
 
[113] 
 
His – histidine 
MES – 2-(N-morpholino)ethanesulfonic acid    
EPC – electrochemical preconcentration  
 
1.4.3 Use of ion-pairing reagents for CE-MS analysis 
Mass spectrometric detection of environmental anions is not the norm as more 
established techniques such as IC and CE with UV-vis detection have been the routine 
approach to detecting these anion species. However, one of the major limitations of the 
current analytical methods that rely on UV-vis for quantitation is that identification is 
made on the basis of retention or migration time. When samples are more complex or 
when matrix effects interfere with expected migration behavior, confirmation of peak 
identity may be difficult or impossible. The main problem with direct analysis of the 
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anions by MS is that they must be detected in negative ESI mode, which is typically less 
sensitive, and their  
𝑚
𝑧
 values tend to be relatively low, leaving them to be detected in the 
low mass region of the mass spectrum that typically suffers from poor signal-to-noise 
ratio, that is, there is a great deal of noise and so detection limits are high (poor). 
 
To surmount these issues, to achieve unequivocal anion identification and push detection 
limits down to ultra-trace levels for thiosalt species, a novel approach for detection has 
been recently been reported in literature.114-118 This technique makes use of ion-pairing 
reagents (IPRm+) to aid detection of these anions (An-) by MS.  The objective is to use 
these reagents to form a ion-pairs with the anions so that the ion-pair carries a positive 
charge which can then be detected using the more sensitive positive mode of ESI-MS. 
Flow injection analysis (FIA) and CE with ESI-MS have been used to detect the 
formation of stable gas phase adducts of the form [IPRm++An-](m-n)+, making these 
approaches suitable for analysis of a range of anions. Some of the tricationic ion-pairing 
reagents reported in literature are shown on the next page in Figure 1.19.117,118 
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Figure 1.19. Structures of some tricationic ion-pairing reagents. (3 < n < 12; R = 
methylimidazolium or tripropylphosphonium) 
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Several applications of the use of ion-pairing reagents for environmental analysis have 
been published. In one study by Magnuson et al., detection of trace concentration of 
perchlorate ions in drinking water was achieved using an ion-pairing reagent.115 A 
perchlorate-decyltrimethylammonium complex was extracted with dichloromethane and 
detected as 
𝑚
𝑧
 380 using FIA-ESI-MS. LOD value of 100 ng/L was achieved using this 
technique. Though few papers have been published using this technique to detect and 
quantify sulfur oxyanion species, there was one of particular interest by Breitbach et 
al.116 They evaluated 16 different tricationic ion-pairing reagents to detect divalent anions 
in the positive mode ESI-MS. The trication pairing reagents were made up of mostly 
imidazolium, phosphonium or pyrrolidinium charged groups, alkyl linkages and benzene 
groups. The ion-pairing reagents were added ‘post-column’ and mixed with the anions in 
a Y-type tee after the anions were injected via a 6-port injection valve. LODs achieved 
for the sulfur anions using this technique were remarkably lower than those seen when 
using CE or IC with UV-vis detection. The LOD for SO4
2- ranged from 0.1 ng to 2.75 ng 
and S2O3
2- from 0.1 ng to 5.2 ng for the 16 tricationic pairing reagents. They found out 
that for these analytes, the linear tricationic reagents, the alkyl linkages between the 
charged moieties should be between 6 and 10 carbons in length to give the optimum 
pairing response. In addition, the triisopropylphosphonium and benzylimidazolium 
charged groups gave the best pairing response with the anions analyzed. Warnke et al. 
also evaluated two linear flexible and two trigonal tricationic ion pairing reagents with 
imidazolium and phosphonium charged groups for several divalent anions and detected 
them in the positive mode ESI-MS.117 Disulfonates, dicarboxylates and other inorganic 
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anions including tetrathionate were studied. Tetrathionate ion gave LOD values of 5.0 × 
10-4 ng/mL and 2.2 ×10-2 ng/mL with the linear phosphonium-based and imidazolium-
based trication pairing reagents, respectively, and 2.5 ×10-2 ng/mL and 5.0 × 10-2 ng/mL 
for the trigonal phosphonium-based and imidazolium-based trication pairing reagents 
respectively. Finally, in a recent work by Gerardi et al.118 CE-ESI-MS was applied in 
separating three divalent anions and detecting the tricationic-anion ion-pair by positive 
mode ESI-MS. The trigonal trication was composed of a benzene core and three 
imidazolium charged groups.  The challenge with CE-ESI-MS is the need to optimize the 
CE separation parameters, maintaining electric contact between the CE and ESI source as 
well as optimize the ESI-MS parameters. The trication pairing reagent can be added to 
the sample, BGE or the sheath liquid for the analysis so that must also be considered. In 
this work, the best and fastest separation and sensitivity were achieved when the pairing 
reagent was added to the BGE (Figure 1.20). LODs for SO4
2- and S2O3
2- were 52.3 ng/mL 
and 68.4 ng/mL, respectively. 
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Figure 1.20. Chromatogram showing the separation of three anions (10 µg/mL 
benzenedisulfonate (BZDS), 100 µg/mL thiosulfate (TSFA), and 50 µg/mL of sulfate) by 
CE-ESI-MS in positive-ion mode with on-column ion-pairing with 20 µM 1,3,5-1-butyl-
3-methyl-1Himidazol-3-ium-2,4,6-trimethylbenzene in the separation buffer. 
 
In all the analytical techniques discussed, and to our knowledge, not one has been applied 
for the analysis of all the important thiosalt species relevant to our work although they 
could be optimized to analyze these species of interest.  
 
1.5 Research objectives and organization of thesis  
The primary objective of this research is to develop fast and sensitive CE method with 
indirect detection and ESI-MS detection for the analysis of sulfur oxyanions, particularly 
thiosulfate and the polythionates. Detecting and quantifying these species in the milling 
process and the tailings ponds will provide information that will lead to a better 
In
te
n
si
ty
  
Migration time (min)  
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understanding of thiosalts generation which is needed to develop the best treatment 
protocols 
 
In the development of these methods, techniques that have been applied for thiosalt 
species and published will be investigated to determine the important parameters to 
optimize in the development of the new CE with indirect UV methods.  As optimization 
of the several parameters of CE with UV (such as concentration of background 
electrolyte, concentration of chromophoric probes, pH, cassette temperature, and applied 
electric field) can be time consuming, an experimental design approach was utilized for 
screening critical factors and optimizing these factors for CE-UV-vis analysis and to 
study interactions between these factors for the optimum resolution of analyte peaks 
required for the analysis. This work incorporated several approaches including 
experimental designs such as fractional factorial (fFD), response surface (central 
composite (CCD) or Box-Behnken (BBD) designs for the selection of optimum levels of 
selected factors and optimization of responses. 
  
The introduction to thiosalt chemistry and analytical approaches for their analysis are 
already covered in this chapter. Chapters 2, 3 and 4 are dedicated to the development of 
indirect CE methods for the rapid analysis of thiosalts in tailings pond samples. Chapter 2 
examines the influence of factors such as the concentrations of BGE chromophoric probe 
and EOF modifiers, separation voltage and organic modifiers on the separation of the 
thiosalt species and application to real samples using a univariate approach. Chapters 3 
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and 4 focus on use of experimental design approach to the development of robust CE 
with indirect UV detection methods using two chromophoric probes and 3 EOF modifiers 
for thiosalts analysis. The use of CCD, fFD and BBD designs for the background 
electrolyte composition and instrument parameter optimization, and application for the 
separation of thiosalts will be described. The results of an ESI-MS study of gas phase 
ion-pairs formed by tricationic ion-pairing reagents and thiosalts are given in Chapter 5 
which highlights the strength of association and binding energies of these ions in the gas 
phase via static titration. Chapter 6 describes the single crystal characterization of tri-, 
tetra- and pentathionates synthesized for this work. Finally in Chapter 7, future work and 
preliminary results of using CE-ESI-MS to detect the ion-pairs formed between the 
thiosalt species and the tricationic ion-pairing reagents are presented.  
 
1.6 Co-authorship Statement 
A modified version of Chapter 1 has been published as a critical review article in a peer-
reviewed journal with Jorge C. Miranda-Trevino and Drs. Kelly Hawboldt and Christina 
S. Bottaro. Pappoe is the 2nd author and independently prepared portions of manuscripts 
with Miranda-Trevino. Advice and editing was given by Drs. Christina S. Bottaro and 
Kelly Hawboldt. For clarity, Pappoe prepared all material for the ‘Analytical methods for 
detection and quantification of thiosalts’ section of the paper and these sections have 
been included in Chapter 1 with modifications and updating.  
Chapter 2, ‘Systematic optimization of a pyromellitic acid background electrolyte for 
capillary zone electrophoresis with Indirect UV-Vis detection and online pre-
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concentration analysis of thiosalt anions in the treated mine tailings’, has been published 
in the RSC Journal of Analytical Methods. Manuscripts for Chapters 3, 4 and 5 have been 
prepared for publication. Editing and advice are given by Dr. Christina S. Bottaro. For 
Chapter 5, the first author proposed the evaluation of the strength of association of 
tricationic ion-pairing for the analysis of the thiosalt species of interest and followed 
through with experimental work with advice from Dr. Bottaro.   
 
The unavailability of some thiosalt compounds warranted that synthesis and purification 
be performed to be able to use them as standards. The compounds included trithionate, 
tetrathionate, pentathionate and hexathionate salts. Pappoe performed all the synthesis 
with assistance from Heather Lucas in part of the project. A peer-reviewed paper on the 
X-ray structural characterization of some of these crystals has been published in the 
Journal of Chemical Crystallography with Michael Pappoe being the first author, Heather 
Lucas, the second, Dr. Christina S. Bottaro, the third and Dr. Louise Dawe as the fourth 
and corresponding author. All crystallographic analysis was done by Dr. Louise Dawe 
with the first author preparing part of the introduction, synthesis and acknowledgements 
sections.  This paper is included in thesis as Chapter 6 without modification. 
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for Capillary Zone Electrophoresis with Indirect UV-Vis Detection and 
Online Pre-concentration Analysis of Thiosalt Anions in the Treated 
Mine Tailings 
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2.1 Introduction  
Thiosalts are sulfur oxyanions formed during the incomplete oxidation of sulfur-rich 
minerals. Most thiosalt species are produced during the milling and flotation of these 
sulfidic ores, particularly those containing pyrite (FeS2) and pyrrhotite (Fe(1-x)S, x = 0 to 
0.2).1 The major thiosalt species are sulfate (SO4
2-), thiosulfate (S2O3
2-), trithionate 
(S3O6
2-), tetrathionate (S4O6
2-) and higher polythionates such as pentathionate (S5O6
2-). 
Thiosalts can be oxidized to sulfate, along with concomitant production of acid, which 
can lead to acidification of receiving waters.2 Although thiosalts have been shown to be 
relatively non-toxic, acidification can cause stress to freshwater flora and fauna, which in 
some instances can be severe enough to lead to death of vulnerable organisms. 
Acidification can also result in enhanced metal migration and toxic metal 
concentrations.1,2 
 
Although not currently regulated, thiosalts represent a significant challenge to both the 
mining and metals processing industries, particularly with respect to effective mitigation 
and treatment.3 Analysis of thiosalts in milling process waters and tailings ponds is 
necessary for effective treatment and the data are also needed to develop a better 
understanding of how thiosalts are generated, which in turn influences the treatment 
protocols. Despite extensive research in the area since the 1980s, there are still many 
unknowns, specifically questions related to reaction kinetics and thermodynamics of 
thiosalt transformations, which are complex and interrelated.4 To study thiosalt reaction 
kinetics, which can show significant changes on a time-scale of minutes, improved 
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methods of analysis are required.3,4 Ion chromatography (IC) coupled with various 
detection techniques has been used generally for their determination and quantitation.5 IC 
is a well-established technique with numerous well-developed methods for the 
determination of inorganic anions with good measures of reliability and sensitivity.5-10 
However, consumables can be costly, separations have only moderate resolution and 
analyses tend to be time consuming. IC can also be intolerant of some sample matrices, 
such as those with high ionic strength.  Capillary zone electrophoresis (CZE) has inherent 
advantages such as fast analysis, tolerance for a range of sample matrices, potential for 
high-throughput analysis, low consumption of reagents and simple instrumentation 
making it an attractive complement to IC. 6-11  
 
A substantial amount of analytical work5, 13-18 has been done in the area of quantitation of 
sulfur anions in water, air and soil samples. Table 2.1 summarizes some of the methods 
published for sulfur anions by CZE with indirect UV-vis detection. As exemplified in the 
table, the most common chromophoric probes for the analysis of sulfur oxyanion species 
in CZE include pyromellitic acid (PMA) and sodium chromate (Na2CrO4); EOF 
modifiers include hexadecyltrimethylammonium bromide (CTAB), tetradecyltrimethyl-
ammonium hydroxide (TTAOH) and diethylenetriamine (DETA). From these 
applications, it can be concluded that the most important factors influencing separation 
efficiency of CZE with indirect detection are concentrations of chromophoric probe and 
electroosmotic flow (EOF) modifier, use of organic modifiers, pH, capillary temperature, 
and applied electric field. 
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 Table 2.1. Selected indirect CZE applications for the analysis of inorganic sulfur anions  
BGE system BGE additives Sulfur species 
analysed 
LOD range 
(µg/mL) 
Reference 
1.5 mM PMA + 10 
mM Tris;  
pH = 8.0, λ = 214 nm 
0.5 mM CTAB S2O3
2-,  S2O3
2-, 
SCN-, SO3
2- 
0.17 - 0.50 [7] 
5 mM Na2CrO4,  
pH = 9.4, λ = 374 nm 
4 mM TTAOH,     
10 mM 2-cyclo-
hexylamino-
ethanesulfonic 
acid (CHES) 
(anti-coagulant)  
SO4
2-, SO3
2-, 
S2O3
2-, S2O4
2- 
0.45 - 0.48 [14] 
2.25 mM PMA + 6.5 
mM NaOH + 1.6 mM 
TEA; pH = 10, λ = 
254 nm 
0.75 mM HMOH  S2-, SO4
2-, 
SO3
2-, SCN-, 
S2O3
2-, S2O6
2-, 
S2O8
2- 
0.35 - 0.35, [18] 
10 mM Na2CrO4, pH 
= 11,  
λ = 275 nm 
2 mM TTAOH S2-, SO4
2-, 
SO3
2-, S2O3
2- 
N/R [19] 
1.5 mM PMA + 10 
mM Tris;  
pH = 7.0, λ = 214 nm 
0.5 mM DETA, 
0.1% 
formaldehyde 
(stabilizer) 
SO4
2-, SO3
2-, 
S2O3
2-, S2O4
2- 
0.45 - 1.0 [20] 
N/R – not reported 
 
In addition to optimizing instrument and BGE parameters, there have been several reports 
on improving the detection sensitivity of CZE using on-line pre-concentration sample 
stacking techniques such as field-amplified sample stacking,19,20 large volume sample 
stacking21,22 and pH-mediated sample stacking.23,24 These techniques work on the 
principle of introducing a plug of the sample at low ionic strength relative to the BGE 
into a BGE-filled capillary and applying a high potential. The high electric field 
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experienced by the analytes in the sample plug causes them to move rapidly until they 
reach the BGE interface at which point the analytes slow down and ‘stack’ leading to a 
concentrated zone of analytes and increased sensitivity.  
 
In this work, we report the systematic development of a CZE with indirect UV-vis 
method with PMA as the chromophoric probe and three EOF modifiers: 
tetramethylammonium hydroxide (TMAOH), CTAB and hexamethonium hydroxide 
(HMOH). The BGE was further optimized by varying the most important factors 
(concentration of chromophoric probe and EOF modifier, pH and applied field voltage) 
for the fast separation (under 3 min) of five key thiosalt species (sulfate (SO4
2-), 
thiosulfate (S2O3
2-), trithionate (S3O6
2-), tetrathionate (S4O6
2-) and pentathionate (S5O6
2-)), 
which have not been analysed together by CZE previously. The optimized BGE was 
compared with a costly commercially available PMA BGE solution and it was found to 
provide much better sensitivity and complete separation of the five species, which could 
not be resolved using the commercial PMA BGE solution. Finally, the field amplified 
sample stacking (FASS) technique for online sample pre-concentration was used, 
resulting in an improvement in the sensitivity and detection limits (S/N = 3) by at least 3-
fold. The optimized method was applied for the analysis of treated tailings pond samples. 
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2.2. Experimental   
2.2.1 Chemicals  
All chemicals used for this work were of analytical grade unless otherwise noted. PMA, 
HMOH (0.1 M), TMAOH (25% v/v in H2O, trace select), CTAB (> 99%) and buffer 
solution HPCE pH 7.7 (commercial PMA BGE) were all purchased from Sigma (Sigma-
Aldrich, MO, USA). The pH of the BGE was adjusted to 7.0, 8.0.and 9.0 with 
triethanolamine (TEA; Sigma, MO, USA). CE grade sodium hydroxide solution (1 M) 
was purchased from Agilent (Agilent Technologies Canada Inc., Mississauga, Ontario). 
Stock solutions of sulfur oxyanions were prepared daily from sodium thiosulfate 
(Na2S2O3, > 99.9% purity, Sigma), sodium tetrathionate (Na2S4O6, > 99.9% purity, 
Sigma), sodium trithionate (Na2S3O6), and potassium pentathionate (K2S5O6). Sodium 
trithionate (Na2S3O6), and potassium pentathionate (K2S5O6) were synthesized and 
purified using modified known methods.25 The description of the synthesis and 
characterization of the single crystals used in this work have been published elsewhere.26 
Nanopure water from Barnstead Nanopure II (Barnstead Nanopure, CA, USA) with ionic 
purity of 18.2 MΩ.cm was used for this work. All solutions were degassed and filtered 
with a 0.22 µm nylon syringe filter (Canadian Life Science, ON).  
 
2.2.2 Instrumentation 
All CE analyses were performed on an Agilent 7100 3DCE System (Agilent Technologies 
Canada Inc., Mississauga, ON) equipped with a diode array UV-vis detector. Data were 
acquired at 350.10 nm with references at 191 nm, 200 nm, 214 nm and 254 nm (to invert 
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the negative peaks) and processed using Agilent OpenLAB Chromatography Data 
System (CDS) ChemStation Edition for corrected peak areas, peak widths and heights, 
and migration times. Bare fused-silica capillaries (internal diameter, 50 μm id) were 
obtained from MicroSolv Technology Corporation (NJ, USA) and were accurately cut to 
the desired length (48.5 cm). A ‘window’ was made 8.5 cm from detector by removal of 
the polyimide coating using the MicroSolv Window Maker™; approximately 2 mm of 
polyimide at the beginning and at the end of the capillaries was similarly removed.  Initial 
conditioning was as follows: flushing at ~ 940 mbar with 1.0 M NaOH for 1 hr, water for 
1 hr and BGE for another 1 hr. The capillary was conditioned daily with 0.1 M NaOH for 
10 min, water for 10 min and BGE for another 10 min. Between injections, the capillary 
was flushed with 0.1 M NaOH for 1 min, water for 1 min and BGE for 3 min. Except 
stated otherwise, samples were injected hydrodynamically at 50 mbar for 10 s, and 
negative potential of between -20 kV and -30 kV was applied for the separation with 
indirect detection at the wavelengths specified above.  The temperature of the capillary 
was maintained at 25 °C for the separation. UV-vis analyses of the thiosalt species to 
determine their maximum absorption wavelengths (λmax) and molar extinction 
coefficients were performed on a Varian Cary 6000i UV-Vis-NIR spectrophotometer 
(Varian Inc., Palo Alto) with 1 cm quartz cuvettes (International Crystal Laboratories, NJ, 
USA). 
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2.2.3 Overview of factors studied  
Table 2.2 shows the factors and the levels at which they were studied.  Each factor was 
optimized in a univariate approach (one factor at a time). The rationale for choosing the 
selected ranges is based on previous experiments on thiosalt standards and analysis 
reported in literature. Values at lower and higher levels than reported are included to 
ensure that the optimum levels could be determined from this experiment without 
unnecessary constraints. 
  
Table 2.2. Factors influencing separation and levels studied 
Factor  Levels 
[PMA] (mM) 1.00 – 1.50 – 2.00 – 2.50 – 3.00 (5 levels) 
[TMAOH] (mM) 
[CTAB] (mM)  
[HM
2+
] (mM) 
0.20 – 0.40 – 0.60 – 0.80 – 1.00 (5 levels) 
0.20 – 0.40 – 0.60 – 0.80 – 1.00 (5 levels) 
0.20 – 0.40 – 0.60 – 0.80 – 1.00 (5 levels) 
pH 7 – 8 – 9 (3 levels) 
Applied potential (kV) 20 – 25 – 30  (3 levels) 
 
2.3. Results and discussions 
2.3.1 UV-vis analysis of thiosalts 
UV-vis spectra were acquired for all the thiosalt species and BGE chromophoric probes 
to determine their molar absorptivities at the wavelengths of maximum absorbance (λmax) 
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1 
4 
3 
2 
to guide the choice of chromophoric probes for use for the experimental design. For the 
most sensitive results, analytes should not absorb at the λmax of the probe. Figure 2.1 
shows the UV absorption spectra of the thiosalt species. 
 
 
 
Figure 2.1: UV-vis absorption spectra of five thiosalt species (concentration of 200 
μg/mL each in water).   
 
 
2.3.2 Influence of EOF modifier concentration  
EOF modifiers are usually cationic surfactants that adsorb onto the surface of bare-fused 
silica due to strong electrostatic attraction between the negatively charged wall (Si-O-) 
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and the positively charged group of the modifier. This imparts a positive charge to the 
surface of the wall and greatly suppresses or reverses the EOF. In this work three EOF 
modifiers (Figure 2.2) were used: TMAOH, CTAB and HMOH. With a constant 
concentration of the PMA probe of 3.00 mM, [TMAOH], [CTAB] and [HMOH] were 
varied from 0.2 mM to 1.0 mM to test the ability to enhance the separation speed of the 
analysis. Since the electrophoretic mobilities of the sulfur anions are counter-EOF, 
suppressing or reversing the EOF will lead to rapid separation or resolution of the 
analytes.  
 
 
 
Hexadecyltrimethylammonium bromide (CTAB) 
 
 
 
Hexamethonium hydroxide (HMOH) 
 
 
 
Tetramethylammonium hydroxide (TMAOH) 
 Figure 2.2. EOF modifiers used in this work 
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As expected, the addition of all the EOF modifiers reduced the EOF, which led to higher 
effective electrophoretic mobilities of all the thiosalt species and faster migration towards 
the detector. Figure 2.3 shows the effective mobilities of the thiosalt species with respect 
to the concentration of the EOF modifiers. However, increases in [TMAOH] and [CTAB] 
even at low concentrations led to other undesirable separation issues.  As [TMAOH] was 
increased from 0.20 mM to 1.00 mM, total analysis time decreased from 10.7 min to 4.2 
min, however under these conditions SO4
2- and S3O6
2- were not resolvable. It was found 
that it was not possible to find a combination of conditions that would give short analysis 
time and satisfactory resolution using TMAOH, thus it was not used further. CTAB was 
also evaluated for its effectiveness and influence on the EOF modifier in many studies. 
For instance, Chen et al.7 used CTAB with PMA in a TRIS buffer to separate S2O3
2-, 
S2O3
2-, SCN- and SO3
2- leading to reduced analysis time. For this work, increasing the 
concentration of CTAB led to a reduction of analysis time. However there was co-
migration of SO4
2- and S3O3
2- as well as broadening of the tetrathionate peak even at low 
concentrations (0.20 mM). Increasing the concentration further led to co-elution of the 
SO4
2- and S3O6
2- peaks. HMOH was much more effective for regulating the EOF in the 
analysis of the thiosalt species than the other EOF modifiers, leading to good peak 
resolution, shorter analysis as well as much better peak symmetry for all the thiosalt 
species analyzed. Thus HMOH was used for further optimization of the BGE for the 
analysis. The optimum concentration of HMOH was found to be 0.80 mM giving 
complete separation in 4.4 min; above this concentration S2O3
2- and S5O6
2- start to co-
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migrate and the S4O6
2- peak begins to broaden. Thus [HMOH] = 0.80 mM was used for 
further optimization. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.50E-02
7.00E-02
7.50E-02
8.00E-02
8.50E-02
9.00E-02
-0.10 0.10 0.30 0.50 0.70 0.90 1.10
-µ
e
 (
cm
2
V
-1
s-
1
) 
[TMAOH] (mM) 
thiosulfate pentathionate sulfate trithionate tetrathionate
5.00E-02
6.00E-02
7.00E-02
8.00E-02
9.00E-02
-0.10 0.10 0.30 0.50 0.70 0.90 1.10
-µ
e
 (
cm
2
V
-1
s-
1
) 
[CTAB] (mM) 
thiosulfate pentathionate sulfate trithionate tetrathionate
6.00E-02
7.00E-02
8.00E-02
9.00E-02
1.00E-01
-0.10 0.10 0.30 0.50 0.70 0.90 1.10
-µ
e
 (
cm
2
V
-1
s-
1
) 
[HMOH] (mM) 
thiosulfate pentathionate sulfate trithionate tetrathionate
84 
 
 
Figure 2.3. Effect of increasing [TMAOH], [CTAB] and [HMOH] on the effective 
electrophoretic mobilities of thiosalt species 
2.3.3 Influence of PMA chromophoric probe concentration 
PMA was chosen for this work because of its high molar absorptivity and close mobility 
match with those of the sulfur oxy-anions leading to improved sensitivity and reduced 
electromigration dispersion. It has no oxidizing properties or reactivity with thiosalt 
anions and has a high molar extinction coefficient at the chosen wavelength for this 
work.7,18,19  
 
With the optimal concentration of HMOH at 0.80 mM, the concentration of the PMA was 
varied from 1.00 mM to 3.00 mM with 5 concentrations in total. With PMA at 1.00 mM, 
the peak symmetry and sensitivity (with respect to peak height, width and area) were very 
poor for all the thiosalt species; at 2.00 mM PMA gave higher sensitivity and good peak 
symmetry with faster migration (last peak at 4.3 min) than at all the other concentrations. 
Further increase in the concentration of PMA beyond 3.00 mM led to a slight increase in 
signal sensitivity, but poor peak symmetry (tailing and fronting), indicating that there 
may be some interaction of the BGE probe with the anions.  
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2.3.4 Influence of pH and applied field on the electrophoretic mobilities of thiosalts 
The use of the EOF modifier should in principle either slow down or reverse the EOF and 
therefore lead to higher migration of the thiosalt anions towards the detector. An increase 
in pH will lead to an increase in the ionization of the silanol group on the surface of the 
capillary. The increase in positive charge on the surface of the capillary by the addition of 
cationic EOF modifiers such as HMOH will therefore increase with increasing pH until 
all the available silanol groups are ionized. With the BGE at pH 7, [PMA] = 2.00 mM 
and [HMOH] = 0.80 mM, the migration times of the thiosalt species ranged from 3.8 min 
to 5.7 min. At pH 8 migration times decreased to between 3.1 and 4.3 min, and at pH 9 
between 3.4 and 4.9 min. At pH 9, migration times were slightly longer than at pH 8, and 
S2O3
2- and S5O6
2- co-migrated. With the optimum BGE composition of [PMA] = 2.00 
mM, [HMOH] = 0.80 mM and BGE pH of 8, the applied separation field was varied from 
-20 kV to -30 kV. As expected, with increased potential the time for separation was 
reduced from 4.2 min (-20 kV) to 2.8 min (-30 kV).  
 
2.3.5 Optimization of sensitivity  
Detection wavelengths for most capillary electrophoretic analysis with indirect detection 
of sulfur anions have been performed at λ = 254 nm. The UV-vis diode array detector 
(DAD) allows for monitoring at different wavelengths, which allows for selection of 
wavelengths that give the most sensitivity. Wavelengths selected were 191 nm, 214 nm, 
200 nm and 254 nm. Although most of these are not at the λmax for the PMA 
chromophoric probe (214 nm), the absorbance of the UV-active thiosalts influence the 
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sensitivity (usually decreasing sensitivity for indirect mode). The most sensitive results 
for sulfate, which has low absorptivity (Figure 2.1), should be seen at 214 nm. However, 
for the more UV-active species, 200 nm on average gave the best sensitivity and was 
therefore used for further analysis. To invert the negative peaks, measurements were 
taken at 350 nm and 200 nm was used as the reference wavelength; since the decrease in 
absorbance at 200 nm will be greater than that at 350 nm, this will register as a positive 
peak. The optimized buffer system was determined to be 2.00 mM PMA, 0.80 mM 
HM2+,  with pH adjusted to 8.0 with triethanolamine. All five sulfur oxyanion species 
under investigation were successfully separated (Figure 4) under these conditions in less 
than 3 min. To the best of our knowledge, this is the fastest CZE method with indirect 
UV-vis analysis reported to date for all these species.  
 
2.3.6 Linearity of method, sensitivity and LOD determination 
Calibration curves were constructed for all thiosalt species at six concentrations 
(including a blank). Each standard sample was injected in triplicate and the standard 
deviation of the peak areas and migration times determined.  Very good linearity with R2 
> 0.99 was obtained from the calibration curves for all the thiosalt species (Figure 2.4). 
LOD values were obtained at S/N ratios of 3 by sequential dilution of thiosalt mixtures 
until S/N value of the peak of interest reach 3. Table 2.3 shows the relative standard 
deviations (RSD) of the migration times and peak areas, linearity of standard calibration 
curves and LOD values for each of the thiosalt anions.  
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Field-amplified sample stacking (FASS) was applied to increase the sensitivity of the 
method and to achieve low LOD values. In this work, FASS was applied by injecting a 
small plug of water (1 – 5 s at 30 mbar) into a BGE-filled capillary, injecting the sample 
plug (5 s at 50 mbar) and applying high negative potential. LOD values for stacking and 
normal CZE are shown in Table 2.3 leading to a nearly 4-fold increase over normal 
hydrodynamic injection for some of the thiosalts (see Figure A9 in Appendix A). No 
further increase in sensitivity was observed after 3 s injection time of water plug before 
the sample. Larger volumes of water (more than 5 s at 30 mbar) led to decrease in 
sensitivity probably due to sample dilution. 
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Figure 2.4: Electropherogram and standard calibration lines (error bars are standard 
deviation) obtained from thiosalt standards. 1. S2O3
2- (40 μg/mL), 2. S5O6
2- (40 μg/mL), 
3. SO4
2- (20 μg/mL), 4. S3O6
2- (50 μg/mL), S4O6
2- (50 μg/mL). CZE conditions:  
injection: 250 mbar.s, applied field: -30 kV, temperature: 25 °C, indirect UV detection at 
λ = 350 nm, Ref 200 nm. BGE 2.00 mM PMA, 0.80 mM HM2+, pH adjusted to 8 with 
TEA 
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Table 2.3. Peak area and migration time repeatability, linearity of standard calibration 
and LOD values of thiosalt anion analysis 
Thiosalt 
anion 
Conc. 
(μg/mL) 
RSD 
peak area 
(%) (n = 3) 
RSD 
migration 
time (%) 
(n = 3) 
coefficient 
of 
regression 
(R
2
) 
LOD 
without 
stacking 
(n = 3)  
(μg/mL) 
LOD 
with 
stacking 
(n = 3)  
(μg/mL) 
LOQ 
(μg/mL) 
 
 
SO4
2-
 
1 0.50 0.06 
0.9953 0.09 0.02 0.07 
5 0.51 0.14 
10 0.58 0.06 
15 0.87 0.04 
20 0.53 0.14 
 
 
S2O3
2-
 
1 2.95 0.08 
0.9998 0.16 0.12 0.40 
5 2.70 0.10 
10 1.55 0.06 
15 0.53 0.02 
20 1.28 0.17 
 
 
S3O6
2-
 
1 0.85 0.09 
0.9454 0.34 
 
0.11 
 
0.37 
5 1.46 0.14 
10 3.93 0.12 
15 2.42 0.12 
20 3.31 0.05 
 
 
S4O6
2-
 
1 1.40 0.02 
0.9940 0.32 0.14 0.47 
5 3.77 0.14 
10 2.85 0.06 
15 1.74 1.68 
20 0.39 0.03 
 
 
S5O6
2-
 
1 0.47 0.70 
0.9952 0.10 0.04 0.13 
5 0.54 0.10 
10 0.54 0.06 
15 0.92 0.04 
20 0.53 0.13 
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2.3.7 Comparison to commercially available PMA BGE for inorganic anions 
PMA BGE is commercially available for the analysis of inorganic anions. The developed 
PMA BGE for this application was compared to the commercial electrolyte and found to 
be more sensitive (greater peak areas in optimized PMA BGE) with better separation 
efficiency (Figure 2.5) under all injection and applied field conditions.  
 
 
 
 
 
 
 
 
 
 
Figure 2.5. Electropherogram showing separation efficiency of five thiosalt species using 
commercially available PMA BGE (A) with the optimized PMA BGE (B). 1. S2O3
2- (40 
μg/mL), 2. S5O6
2- (27 μg/mL), 3. SO4
2- (20 μg/mL), 4. S3O6
2- (50 μg/mL), 5. S4O6
2- (50 
μg/mL). Separation conditions: hydrodynamic injection, 300 mbar.s; applied field: -20 
kV 
 
2.3.8 Application of method to thiosalt standard mixture and tailings pond samples  
The final BGE composition and instrument parameters were applied to the analysis of 
thiosalt standards and samples taken from a thiosalt tailings pond. The method was rapid 
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with analysis time of less than 3 min, sensitive, gave good resolution of all peaks and 
proved reliable for the thiosalt species analyzed. Optimal detection was achieved at 350 
nm with reference wavelength at 200 nm, with good peak intensity, reproducibility and 
linearity for all the anions under consideration over the concentration range of 1 μg/mL to 
20 μg/mL. Electropherograms of diluted spiked tailings pond water (1:100 with nano-
pure water) and diluted spiked tailings pond water along with the standard addition plots 
of the five thiosalts are presented in Figure 2.6. Based on this dilution, the total method 
detection limits would be 10 and 30 µg/mL for the highly complex tailings waters. It 
should be noted that typical thiosalt concentrations are well above 50 µg/mL, and at this 
concentration are considered of low toxicity to fish so these detection limits are 
adequate.2,4 By sacrificing short analysis times sought for this work, it is possible to 
analyze pond samples with little or no dilution and still accommodate the relatively high 
concentrations of sulfate and thiosulfate. For less complex samples, as measured in 
kinetic and thermodynamic studies, dilution is not necessary and the high method 
sensitivity is maintained.  To prepare the samples for standard addition, 100 µL of the 
1:100 diluted sample was spiked with 0, 100, 200, 300, 400 and 500 µL of the thiosalt 
standard mix (0.33 µg/mL sulfate, 0.45 µg/mL thiosulfate and 0.88 µg/mL each 
trithionate, tetrathionate and pentathionate), made up to 600 µL, mixed with a vortex and 
analyzed. Three samples were prepared for each standard addition point to determine the 
standard deviations associated with each measurement. Table 2.4 shows the results of the 
standard addition analysis. The main thiosalts present detected in the sample taken from 
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the tailings pond were sulfate (SO4
2-) and thiosulfate (S2O3
2-) with concentrations about 
300 μg/mL for SO4
2- and 700 μg/mL for S2O3
2-. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6: Electropherograms of A. Real sample spiked with 6 μg/mL each of the 5 
thiosalt species (1. S2O3
2-, 2. S5O6
2-, 3. SO4
2-, 4. S3O6
2-, 5. S4O6
2-); B. Real thiosalt 
tailings sample diluted 1:100. C. Standard addition calibration curves of thiosalts (Error 
bars are standard deviation). CE conditions:  injection: 250 mbar.s, applied field: -20 kV, 
temperature 25 oC, BGE: 2.00 mM PMA, 0.80 mM HM2+, pH adjusted to 8.0 with TEA 
and indirect UV detection at λ = 350 nm, Ref. 200 nm  
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Table 2.4. Standard addition result of thiosalt sample spiked with 0.05, 0.10 and 0.15 mL 
of 100 µg/mL standards (n=3) 
Thiosalt 
anion 
Average migration 
time (min) 
Concentration found 
(μg/mL±SD)  
SO4
2- 2.39 324.3 ± 31.1 
S2O3
2- 2.14 709.0 ± 74.1 
S3O6
2- 2.47 43.5 ± 19.6 
S4O6
2- 2.92 9.4 ± 7.8 
S5O6
2- 2.30 6.1 ± 5.5 
 
The high standard deviation values for the higher order polythionates was probably due 
to their very low concentrations or absence from the tailings sample. 
 
 
2.4. Conclusions and future work 
A fast CE method with indirect UV-vis detection was developed for the separation of five 
important thiosalt anions: sulfate (SO4
2-), thiosulfate (S2O3
2-), trithionate (S3O6
2-), 
tetrathionate (S4O6
2-) and pentathionate (S5O6
2-). The optimized BGE consisted of 2.00 
mM PMA, 0.80 mM HM2+, pH adjusted to 8.0 with triethanolamine and indirect UV 
detection at λ = 200 nm. The method was rapid, sensitive, selective and reliable with 
complete separation of the thiosalt species under 3 min. LOD values (from 0.1 μg/mL to 
0.34 μg/mL) were improved by about 4 fold (to 0.02 to 0.12 μg/mL) with the use of field-
amplified sample stacking (FASS), first injection of a plug of water for 3 s at 30 mbar 
followed by sample injection for 5 s at 50 mbar. Results from the experiments showed 
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that HM as EOF modifier was superior to CTAB and TMAOH for thiosalt analysis. The 
optimized method was successfully applied to the quantitative analysis of thiosalt species 
in tailings pond samples with challenges posed by the complexity of the tailings matrix 
accommodated.  
.  
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  Chapter 3
 
Central Composite Response Surface Design for the Optimization of 
Capillary Zone Electrophoresis with Indirect Detection Using a 
Triethanolamine-Buffered Pyromellitic Acid Probe for the Analysis of 
Thiosalts in Mine Tailings 
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3.1 Introduction  
Thiosalt species, also known as sulfur oxyanions are naturally formed from the partial 
oxidation of  sulfur compounds in sulfur-rich environments but are also generated during 
the flotation and milling of sulfidic minerals especially those containing pyrite (FeS2) and 
pyrrhotite (Fe(1-x)S, x = 0 to 0.2). These species have varying reactivities and 
thermodynamic properties. The full oxidation process leads to the production of sulfuric 
acid (H2SO4) and subsequently acidification of the receiving aqueous environment, which 
has a negative effect on plant and animal life. Acidification can also lead to toxic metal 
solubilization and transport.1-6  
 
The properties of thiosalts and mitigating their production are areas showing intense 
interest from industry and has necessitated research by a number of groups.7-9  This  
interest is driven by the need for treatment of thiosalts in an efficient and effective 
manner. Neutralization is not very effective, and ideal treatment should lead to the 
complete oxidation of all sulfur species to sulfate. In addition, the success of these 
treatment approaches is dependent on thiosalt speciation and the treatment protocol 
adopted. As these species have complex chemistry and are reactive, analytical techniques 
that can provide relatively fast analysis are desired; CZE with indirect UV-vis detection 
for inorganic anions is well suited for this. Indirect CZE is becoming an established 
technique in environmental contaminant analysis, pharmaceutical screening and 
analytical chemistry. In addition to providing fast separations, CZE requires only a small 
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amount of sample for analysis, has good reproducibility and method development is 
relatively easy.10-14      
 
Indirect CZE, and CZE in general, can be influenced by many factors including buffers 
and chromophoric probe concentrations, pH; applied voltage; capillary temperature; 
injection volume; an experimental design can give better optimized conditions and more  
robust methods.15 This is especially important in regulatory or forensic environments, 
where methods require not only fast analysis (short analysis time) but also reliable 
analytical results.16-18 Experimental design approaches allow for simultaneous 
investigation of the most important factors, as well as the interactions between the 
factors, making them elegant in terms of efficiency of time and resources. They can also 
provide information about the chemistry of the system. There are several methods of 
experimental designs used in analytical work, most common are general full factorial 
(GFF), 2-level factorial, response surface designs such as central composite design 
(CCD) and Box-Behnken design (BBD), or a mixture design such as the simplex lattice 
design (SLD) and simplex centroid design (SCD). Designs such as a 2-level GFF (2k) can 
easily be used to determine the most important factors (screening). Optimization of the 
chosen factors at appropriate levels is then performed using techniques such as CCD and 
BBD. One advantage in using response surface designs is that they have an embedded 
factorial design and the experimental domain is expected to contain the optimum values 
of the multivariate factors assessed in the preliminary method development.  19-23     
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Experimental designs applied for screening of factors in CZE use two-level screening 
designs such as fractional factorial (fFD) or Plackett-Burman (PBD) designs, when 
screening of many factors is necessary. For the optimization stage of method 
development, use of GFF and response surface designs such as CCD and BBD are 
typical.21-23 Not all CZE methods employ experimental design approaches, however, the 
number of publications on chemometric-assisted CZE and other CE modes have been on 
the increase especially in pharmaceutical, neutraceutical, and biochemical analyses. One 
application of experimental design was reported by van Biesen et al. in which MEKC-
ESI-MS was applied for the analysis of N-methylcarbamate pesticides.24 In this work, 
which was performed in our laboratory, the authors applied a face centered CCD design 
to 4 factors studied at 3 levels with factor settings capped at minima and maxima. The 
optimum experimental conditions gave complete resolution of 10 N-methylcarbamates in 
a mixture. Liu et al. optimized a non-aqueous CZE method based on orthogonal 
experimental design with six factors at three levels for the analysis of pesticide residues 
in tobacco.25 The main factors studied were the BGE concentration, percent of ACN in 
BGE, applied voltage and BGE pH with the separation resolution factor and migration 
time optimized. Jurado-Gonzalez et al. used a 26 factorial screening design for a CE-UV 
method to study the influence of six factors: concentration of UV absorption probe, 
sample introduction time (length of sample injection), applied voltage, concentration of 
complexing reagent, pH and the length of the capillary, on the separation efficiency of 4 
cations in water samples.26 Responses monitored included the sensitivity, peak area and 
height, and migration time. Other applications of chemometrics for CZE include the use 
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of CCD and fFD for the analysis of caffeine in coffee,27 BBD for polycyclic musks in 
perfumes,28 fFD and CCD for cosmetic preservatives,29 and 2-factor CCD RS with the 
use of a desirability function for the analysis of biogenic amines in food materials.30 
However, no papers using a multivariate experimental design have been published to 
optimize electrophoretic responses for environmentally important inorganic anions.31 A 
recent review of multivariate experimental design approaches by Orlandini et al.23 
showed that the majority of applications are in the pharmaceutical, food and agricultural 
industries with a single environmental application in drinking water cited in which a 
cyclodextrin (CD)-modified MEKC method was applied for the determination of 
pharmaceuticals in drinking water using face centered composite design methodology for 
multivariate optimization of 3 factors at 3 levels.17 Interestingly, this work was performed 
in the Botarro lab.  
 
We present a multivariate experimental design approach using response surface CCD 
design to establish the optimal compositions of the background electrolyte and the 
separation voltage. As pH is critical for the stability of the thiosalt species analyzed all 
experiments were carried out at pH 8.0, and we determined that the concentrations of 
chromophoric probe used for indirect analysis and EOF modifier were the most important 
components for the BGE. Levels were defined based on previous experimental work 
using pyromellitic acid (PMA) as a BGE probe. However additional lower and higher 
levels were added to enable more thorough assessment of the optimum domain for these 
factors.  The approach for the BGE design for this work was to use amine base to buffer 
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the chromophoric probes; these bases such as trithanolamine and tris(hydroxymethyl)-
aminomethane) have been used by others for indirect capillary electrophoresis 
experiments.32-34 In this work triethanolamine (TEA) was chosen as the background 
electrolyte buffer. With a pKa value of 7.8, the buffer capacity is expected to be very 
good for the chosen pH of 8.0. The optimal BGE composition yielding the highest 
desirability factors, after applying experimental design, were then applied for the analysis 
of five thiosalts standards and effluent samples from a treated mine tailings pond. The 
chromophoric probe used for this work, PMA, together with the pKa values, is shown in 
Figure 3.1. 
 
 
 
 
 
 
 
 
Figure 3.1. Pyromelltic acid (PMA). pKa1 1.92, pKa2 2.87, pKa3 4.49, pKa4 5.63
35-37  
 
3.2 Materials and Method  
3.2.1 Chemicals 
Sulfur oxyanion species used in this study include (1) sodium sulfate, (2) sodium 
thiosulfate, (3) sodium trithionate, (4) potassium tetrathionate and (5) potassium 
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pentathionate. Three (3) and five (5) were synthesized from a modified synthetic method 
described by Kelly et al.38 Details of the synthesis and single crystal analysis are 
published elsewhere.39 Hexamethonium hydroxide (HMOH) solution (0.1 M), benzene-
1,2,4,5-tetracarboxylic (pyromellitic) acid (PMA), and triethanolamine solution (>99.0%) 
were all obtained from Sigma-Aldrich, MO, USA. CE-grade sodium hydroxide was 
purchased from Agilent Technologies, Waldbronn, Germany, and 0.22 μm nylon filters 
were purchased from Canadian LifeScience, ON, Canada. Nanopure water from 
Barnstead Nanopure II (Barnstead Nanopure, CA, USA) with ionic purity of 18.2 MΩ.cm 
was used for this work. For the BGE, the probe was titrated with triethanolamine to pH 
8.0 to form the triethanolamine-buffered background electrolyte solutions at different 
concentrations of the probes. Thiosalts standards, samples and background electrolyte 
solution were all prepared with nanopure water, degassed and filtered through a 0.22 μm 
nylon filter before analysis.  
 
3.2.2 Instrumentation 
All CE analyses were performed on an Agilent 7100 3DCE System (Agilent Technologies 
Canada Inc., Mississauga, Ontario) equipped with a diode array UV-vis detector. To 
invert the negative peaks for the thiosalt species, measurements were acquired at 350 nm 
relative to 200 nm, since the decrease in absorbance at 200 nm will be greater than that at 
350 nm. An Agilent OpenLAB Chromatography Data System (CDS) ChemStation 
Edition was used to process the acquired data: corrected peak areas, peak widths and 
heights, and migration times. Bare fused-silica capillaries (id 50 μm) were obtained from 
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MicroSolv Technology Corporation (NJ, USA) and were accurately cut to the desired 
length (48.5 cm). Polyimide coating was removed from the capillaries at 8.5 cm to create 
a window and at the last 2 mm of the ends of the capillaries using MicroSolv Window 
Maker™ (N.J. USA).  Initial conditioning was as follows: flushing at ~ 940 mbar with 
1.0 N NaOH for 1 hr, water for 1 hr and BGE for another 1 hr. The capillary was 
conditioned daily with 0.1 N NaOH for 10 min, water for 10 min and BGE for another 10 
min. Between injections, the capillary was flushed with 0.1 N NaOH for 1 min, water for 
1 min and BGE for 3 min. Except stated otherwise, samples were injected 
hydrodynamically at 50 mbar for 10 s, and negative potentials of between -18 and -30 kV 
(as in the experimental design) were applied for the separation with indirect detection at 
the wavelengths above.   
 
3.3 Results and Discussion  
3.3.1 Experimental design and optimization of separation 
PMA was chosen for the analysis of thiosalts because of its high molar extinction 
coefficient, close mobility match with the thiosalt anions and no known oxidizing effect 
on these species. Previous experiments with PMA as chromophoric probe and three EOF 
modifiers showed that hexamethonium dication (HM2+) was more effective as an EOF 
modifier for such species. In our previous work, a univariate approach was utilized by 
varying each factor to see its effect on the separation efficiency of the thiosalt species and 
analysis time. In this work a more robust experimental design approach was pursued. The 
factors that were selected for the optimization phase of the experimental method 
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development and the levels at which each factor were studied are shown in Table 3.1. 
The factor levels were set based on previous experimental work using pyromellitic acid 
(PMA) as a BGE probe, however additional lower and higher levels were added to ensure 
the domain included a truly optimal set of conditions. PMA as the chromophoric probe 
and HM2+ were examined using a CCD design for optimizing CZE conditions and BGE 
composition.  
 
Table 3.1. Factors selected for the experimental design and their levels  
 
 
 
 
 
 
 
 
3.3.2 Assessment of analytical performance of PMA BGE system 
Experimental designs were devised and analyzed using Minitab® design of experiment 
(DOE) mode. The response surface design using CCD required data for 20 points (runs) 
for various combinations of factors and levels.  The desirability function in Minitab® 
enabled the optimization to be based on the desired resolution of key thiosalt peak pairs, 
that is, closely migrating pairs. Five representative electropherograms, with the degree of 
Factor  Levels 
[PMA]  1.00 – 3.00 – 5.00 (mM) 
[HM2+] 0.20 – 0.60 – 1.00  (mM)  
Potential (-kV)    18 – 24 – 30 
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separation of the thiosalts peaks, under different combinations of the BGE components 
and instrument parameters are shown in Figure 3.2. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Five representative electropherograms from the 20-experiment CCD 
experimental design for PMA BGE system. 1. [PMA] = 5.00 mM, [HM2+] = 1.00 mM, V 
= -30 kV; 2. [PMA] = 3.00 mM, [HM2+] = 0.60 mM, V = -24 kV; 3. [PMA] = 5.00 mM, 
[HM2+] = 0.20 mM, V = -18 kV; 4. [PMA] = 1.00 mM, [HM2+] = 1.00 mM, V = -18 kV; 
5. [PMA] = 1.00 mM, [HM2+] = 0.20 mM, V = -30 kV; Detection λ = 350, Ref = 200 nm. 
Thiosalt species: 1. S2O3
2-   2. S5O6
2-   3. SO4
2-   4. S3O6
2-    5. S4O6
2-    
 
 
The adjacent peak resolution factor (𝑅𝑠) was calculated using the equation below: 
    𝑅1,2 =
2 (𝑡2−𝑡1)
𝑤1+𝑤2
      (3.1) 
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where t2 and t1 are the migration times of two adjacent peaks and w1 and w2 are the 
baseline peak width (in time) .The targets for Rs and analysis time (t) are shown below in 
Table 3.2.  
 
Table 3.2. Response targets for adjacent peak resolution (𝑅𝑆) and analysis time (t) 
Resolution response factor Description Goal Target Lower 
limit 
R1,2 (peak 1 and 2) S2O3
2- - S5O6
2- Target  3.0 2.0 
R2,3 (peak 2 and 3) S5O6
2- - SO4
2- Target  3.0 2.0 
R3,4 (peak 3 and 4) SO4
2- - S3O6
2- Target  2.5 2.0 
R4,5 (peak 4 and 5) S3O6
2- - S4O6
2- Target  10 5.0 
t (min) analysis time minimize 3.0 4.0 
 
 
The separation dashboards (Minitab® feature) for the optimized conditions for Rs and t 
responses for the five thiosalt species analyzed are shown in Figure 3.3. The values in red 
show optimized conditions for best composite desirability for a minimum Rs = 2.0 and 
analysis time of at least 4 min. The dashboard above shows a high composite desirability 
factor of 0.74 (maximum is 1) for the optimal predicted factor settings to achieve the 
targeted responses in Table 3.2. The predicted settings were tested experimentally to see 
if the results of the model will be close to the experimental values. Triplicate experiments 
were performed using the optimal factor settings 
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Figure 3.3. Response optimizer dashboard (Minitab®) for PMA BGE systems showing 
predictions for optimal factor levels and desirability of responses 
 
The electropherogram obtained from the optimal conditions shown in the separation 
dashboard is shown in Figure 3.4. The results of the analysis are summarized in Table 
3.3. It can be seen that there is good agreement between the predicted and the 
experimental values with percentage differences ranging from 1.39 % to 7.95 %.  
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Figure 3.4. Electropherogram showing the complete separation of five thiosalt species 
using the optimal conditions. [PMA] = 2.90 mM, [HM2+] = 1.00 mM, Applied Field =  
-29.4 kV. Thiosalt species: 1. S2O3
2-   2. S5O6
2-   3. SO4
2-   4. S3O6
2-    5. S4O6
2-. Detection 
wavelength: λ = 350 nm, with reference λ = 200 nm. Capillary: total length (L) = 48.5 
cm, length to detector (l) = 40 cm. 
 
 
Table 3.3. Predicted versus experimental values of peak resolution for PMA BGE system 
 
 
 
 
 
Response Predicted  Experimental 
(n=3) 
% Difference 
R1,2 2.62 2.66 1.39 
R2,3 2.79 2.58 7.95 
R3,4 1.86 1.97 5.57 
R4,5 10.9 11.2 2.39 
t (min) 3.00 2.92 2.59 
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3.3.3 Response Surface Plots of R1,2, R2,3 and R3,4  for the PMA BGE system 
The response surface plots can be used to assess the effect of interacting factors on 
resolution on resolution between adjacent peaks. The surface plots for R1,2  (A), R2,3 (B) 
and R3,4 (C) as a function of [HM
2+] are shown in Figure 3.5. The critical peak pairs 
(from Figure 3.3) are R1,2, R2,3 and R3,4; peaks 4 and 5 are a non-critical pair and the 
surface plot for this is therefore not discussed. The surface plots for (Figure 3.5A, B and 
C), show an increase in adjacent peak resolution R1,2, and R3,4 as [HM
2+] is increased, 
however a negative effect is seen in R2,3 with this effect attenuated at high [PMA].  
 
 From the optimization experiments, the most critical peak pair was 3 and 4. The surface 
plot for this pair is shown in Figure 5C. A low resolution factor target of 2.5 (compared 
to 3.0 for the other peak pairs) was set for this peak pair to reduce the constraint on the 
other peak pairs and to avoid co-migration of the peaks; and to ensure complete 
resolution. An increase in [PMA] from 1.00 mM to 5.00 mM led to a very small increase 
in R3,4. However, increasing [HM
2+] led to a much higher increase in the value of R3,4 
close to the target value of 2.5. Combining [PMA] and [HM2+], a higher resolution factor 
is realized much higher than each of the factors. At [PMA] = 2.90 mM and [HM2+] at 
1.00 mM, the resolution factor reached 1.9. Although this is lower than the target, a 
baseline resolution was realized for this peak-pair.  
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As [PMA] was increased from 1.0 mM to 5.0 mM, R1,2 increased to a maximum value at 
~ 2.5 mM and then decreased to a minimum value. As the chromophoric probe PMA is 
necessary for the analyte signals and hence better signal-to-noise ratioof the peaks in the 
indirect CZE mode at higher concentrations, it may be necessary to trade off resolution 
for sensitivity. The EOF modifier HM2+ was added to reduce or reverse the EOF and 
allow for a fast separation in the negative mode; therefore [HM2+] is another important 
factor.  Increasing [HM2+] from 0.2 mM to 1.0 mM led to an increase in the value of R1,2 
towards the targeted value but less than the target of 3.0. The response surface plot 
(Figure 5A) shows that [HM2+] works synergistically with [PMA] with the optimum R1,2 
obtained at the maximum [HM2+] of 1.00 mM used and ~ 3.00 mM.   
 
The response surface plot for R2,3 (Figure 3.5B) with respect to [PMA] and [HM
2+] 
showed a very different interaction between the two factors compared to  R1,2 and R3,4. 
Increasing [PMA] led to an increase in R2,3 to maximum value above the target value of 
3.0 and then a slight decrease. Increasing [HM2+] however led to a slight decrease in R2,3 
to a minimum value then a slight increase. Two optima are shown at high [PMA] value of 
5.00 mM; with one at [HM2+] of 0.00 mM (no EOF modifier) and the other at high 
[HM2+] of 1.00 mM. As [HM2+] is required for complete resolution of the other peak 
pairs R1,2 and R3,4, a compromise is needed. Thus for R2,3, the second maximum is more 
important. At the optimal condition with [PMA] = 2.90 mM and [HM2+] = 1.00 mM a 
value much closer to the predicted value is realized which is lower (but closer to the 
target) than that obtained at the same concentrations for only PMA or HM2+. 
114 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Response surface plot of Resolutions R1,2, R2,3 and R3,4 vs [PMA] and [HM
2+]  
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3.3.4 Figures of merit for the optimized PMA BGE system  
Limit of detection (S/N =3) values were established by sequential dilution and analysis of 
each of the thiosalt standards until the S/N of the analyte peak is ~ 3. Table 3.4 is a 
collation of the method LOD values and relative standard deviations (RSDs) of the 
migration times and peak areas of the analytes with triplicate analysis done.  
 
Table 3.4. LOD values (µg/mL) and RSD values for migration time and peak areas for 5 
thiosalt species (40 µg/mL each) analyzed using the optimum BGE conditions. Detection 
wavelength was at λ = 350, Ref = 200 nm  
Analyte  Method 
LOD 
(µg/mL) 
RSD migration 
time (%) 
(n = 3) 
RSD peak area 
(%) 
(n = 3) 
SO4
2- 0.1 0.1 2.1 
S2O3
2- 0.2 0.1 2.4 
S3O6
2- 0.2 0.08 1.9 
S4O6
2- 0.2 0.1 1.9 
S5O6
2- 0.1 0.09 2.2 
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3.3.5 Application of three BGE systems to thiosalts samples analysis 
Samples taken from a mine tailings pond were analysed for the presence of thiosalts 
using a standard addition method. Samples were diluted 1:100 before analysis. To 
prepare the calibration samples for standard addition, 500 µL of the 1:100 diluted sample 
was spiked with 0, 20, 40, 60, 80 and 100 µL of the thiosalt standard mix (40 µg/mL 
each), made up to 600 µL, mixed using a vortex and analyzed. This dilution was 
performed due to the relatively high concentrations of sulfate and thiosulfate in the 
sample. Based on this dilution, the total method detection limits would be 10 and 30 
µg/mL for the highly complex tailings waters. Since the concentrations of thiosalts of 
concern (due to their toxicity to some fish species) in the tailings are from 50 µg/mL up, 
and with the low LOD values achieved for this method, the dilution of the sample at 
1:100 is not expected to negatively impact the quantitation of these species. However, by 
sacrificing short analysis times sought for this work, it is possible to analyze pond 
samples with little or no dilution and still accommodate the relatively high concentrations 
of sulfate and thiosulfate. For less complex samples, as measured in kinetic and 
thermodynamic studies, dilution is not necessary and the high method sensitivity can be 
maintained. Three samples were prepared for each standard addition point to determine 
the standard deviations associated with each measurement. The results of the standard 
addition analysis are shown in Table 3.5. The main thiosalts detected in the sample taken 
from the tailings pond were sulfate (SO4
2-) and thiosulfate (S2O3
2-) with concentrations 
over 450 μg/mL for SO4
2- and 800 μg/mL for S2O3
2-. 
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Table 3.5. Results from the analysis of a tailings pond sample using standard addition 
calibration. The migration times (tM) were measured for the 100 μL standard addition 
samples (last set of the six samples). 
Thiosalt species 
(Real sample) 
Average 
migration time 
(tM) 
Amount found 
(µg/mL±SD) 
SO4
2-  3.30 484.9 ± 5.2 
S2O3
2- 2.96 823.4 ± 39.1 
S3O6
2-  3.39 51.2 ± 5.0 
S4O6
2- 4.06 33.5 ± 15.7 
S5O6
2- 3.09 10.7 ± 6.4 
 
 
3.4 Concluding remarks 
The quest for reliable and high quality data from environmental, pharmaceutical and 
forensic samples has called for the need to develop robust and reliable analytical methods 
for their analysis. In this work, a chemometric approach using central composite response 
surface (CCD) design was used to establish the optimal concentrations of the background 
buffer probes, surfactant and the separation voltage and to develop an understanding of 
the interplay of these factors in achieving a complete resolution of the analyte peaks. The 
optimized PMA BGE composition of [PMA] = 2.90 mM, [HM2+] = 1.00 mM and 
separation applied field  -29.4 kV resulted in a fast separation of five sulfur oxyanion 
species with the last peak migrating at just under 3 min. The optimum values predicted 
were in good agreement with experimental values. In addition, LOD values of between 
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0.1 (SO4
2- and S2O3
2-) and 0.2 μg/mL (S2O3
2- , S3O6
2- and S4O6
2-) were achieved for the 
thiosalt species. The optimized method successfully applied to the analysis of thiosalt 
mine tailings sample for which the predominant species were sulfate (SO4
2-) and 
thiosulfate (S2O3
2-).  
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  Chapter 4
 
Use of fractional factorial and Box-Behnken response surface 
designs for the screening and optimization of factors for 
capillary zone electrophoresis separation and indirect UV-vis 
detection of thiosalts 
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4.1 Introduction  
Although research in thiosalts has been ongoing since the 1980s, their reactivity and 
thermodynamic properties are still not completely understood due to their complex 
chemistry and reaction pathways under certain conditions such as temperature, pH and 
oxygen concentration.1-9 As these intermediate sulfur species are only metastable, a fast, 
reliable and robust analytical technique is needed to quantify all the important thiosalt 
species at the various stages in sulfide mineral processing, to provide the relevant 
information of their generation and to aid in their treatment upstream of the tailings pond 
as well as to implement the appropriate risk assessment model for these species.7  
 
Capillary zone electrophoresis (CZE) and CE in general, is a powerful separation 
technique due to its high speed, high separation efficiency, and good tolerance to sample 
matrices, such as high pH. Combined with low consumption and cost of consumables, 
such as solvents, and low waste generation, CZE can be considered a green analytical 
technique.8-10 CZE has been applied to speciation analysis of environmental and 
biological samples, as well as other systems. Separation performance in CE is superior to 
most analytical techniques, such as ion chromatography.11-12 CE detection in nearly all 
cases requires a shorter analysis time compared to these separation techniques leading to 
reduced costs and improvement in quality control procedures. CE can therefore be used 
as a complementary technique to IC or other well-established separation techniques for 
process monitoring in industry.  
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The use of multivariate experimental design approaches in developing robust analytical 
techniques particularly for CZE methods is increasing in pharmaceutical, forensic and 
environment sectors due to stringent regulatory enforcement and the benefit for faster and 
more thorough optimization. However, CZE separation are often considered complex 
because of the number of factors that can be modified to influence the separation.13  
 
After the goals and objectives of the experiment are determined, the process of applying 
multivariate experimental design is straight- forward. First, screening designs (for 6 – 15 
factors) are used to identify the critical factors that have the greatest effect on the 
interested responses such as peak resolution and analysis time. Typically, a 2-level GFF 
(2k) or fractional factorial design (2k-p) are used for screening, where k is the number of 
factors and p a chosen number (k > p) that gives the degree of fractionality of the 
fractional factorial design. The critical factors (2 – 5) from the screening stage can be 
used in the optimization stage using models such as factorial design (2-level, Plackett-
Burman or GFF), response surface design (central composite (CCD) or Box-Behnken 
(BBD)), mixture design (simplex centroid, simplex lattice or extreme vertices) or 
Taguchi design (2-5 level or mixed levels).14-20  
 
A large number of applications of multivariate approaches to the optimization of CZE 
methods have been reported.21-26 In a study by Zhu et al., a CCD was used to optimize a 
CE separation with electrochemiluminescence detection of six antihistamine drugs.21 The 
factors studied were buffer concentration, buffer pH and voltage. The responses 
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optimized were the peak resolution factor (Rs) and analysis time. Meinhart et al. 
optimized an MEKC method for caffeine analysis in decaffeinated coffee using CCD for 
screening and FFD for optimizing five critical factors: sodium carbonate concentration, 
SDS concentration, voltage, injection time and injection pressure for seven responses: 
peak separation, peak area, background noise intensity, baseline variation, analysis time, 
system current and peak area.22  Other applications include the use of BBD for CZE 
separation of polycyclic musks in perfumes,23 fFD and CCD for screening and 
optimization of CZE separation of cosmetic preservatives,24 and fFD for the optimization 
of CZE method for quinine, propranolol and atropine.25 There are few reports on the 
application of multivariate experimental design in CZE for environmentally important 
anions and none for thiosalt species.26 
 
In this work, a multivariate approach was used to screen and optimize critical factors for 
CZE with indirect UV-vis detection of five important thiosalt species: sulfate (SO4
2-), 
thiosulfate (S2O3
2-), trithionate (S3O6
2-), tetrathionate (S4O6
2-) and pentathionate (S5O6
2-). 
A fractional factorial design (fFD) was used to screen 6 factors: concentration of 
trimellitic acid ([TMA]), concentration of the electroosmotic flow modifier 
hexamethonium hydroxide ([HMOH]), injection time (s), cassette temperature (ºC), 
applied field (kV) and detection wavelength. At the optimization stage, the four critical 
factors: [TMA], [HMOH], injection time (s) and applied field (kV) were optimized using 
a Box-Behnken response surface design (BBD). The optimized BGE composition and 
separation conditions in the model were tested experimentally and were found to be in 
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good agreement. The method was applied for the analysis of thiosalts in mine treated 
tailings pond samples.  
 
4.2 Materials and Method  
4.2.1 Chemicals 
Sulfur oxyanion species used in this study include sodium sulfate (1), sodium thiosulfate 
(2), potassium tetrathionate (3), sodium trithionate (4), potassium pentathionate (5), and 
potassium hexathionate (6). The latter three (4-6) were synthesized from a modified 
synthetic method described by Kelly et al.27 Details of the synthesis and crystal analysis 
is published elsewhere.28 Benzene-1,2,4-tricarboxylic (trimellitic) acid (> 99%), and 
hexamethonium hydroxide (HMOH) solution (0.1 M) were all purchased from Sigma-
Aldrich, MO, USA. CE-grade sodium hydroxide (1.0 N) was purchased from Agilent 
Technologies, Waldbronn, Germany, 0.22 μm nylon filters were purchased from 
Canadian LifeScience, ON, Canada and hydrochloric acid (HCl) was purchased from 
Fisher Scientific, Canada. Nanopure water (18.2 MΩ.cm) from Barnstead Nanopure II 
was used for this work. Most of the thiosalt species are reactive below pH o4 and close to 
or above pH 9. TMA was titrated with triethanolamine to a pH 8.0 to form the 
triethanolamine-buffered TMA BGE solution. At this pH TMA is in the fully ionized 
form and thiosalts are relatively stable. The thiosalts standards, samples and background 
electrolyte solution were all prepared with nanopure water, degassed and filtered through 
a 0.22 μm nylon filter before analysis.  
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4.2.2 Instrumentation 
All CE analyses were performed on an Agilent 7100 3DCE System (Agilent Technologies 
Canada Inc., Mississauga, Ontario) equipped with a diode array UV-vis detector. Data 
were acquired at 350.10 nm with references at 200.10 and 254.10 nm (to invert the 
negative peaks) and processed using an Agilent OpenLAB Chromatography Data System 
(CDS) ChemStation Edition for corrected peak areas, peak widths and heights, and 
migration times. Bare fused-silica capillaries (id 50 μm) were obtained from MicroSolv 
(MicroSolv Technology Corporation, NJ, USA) and were accurately cut to the desired 
length (48.5 cm) with a ‘window’ made at 8.5 cm from the detector by burning, using the 
MicroSolv Window Maker™ (N.J. USA), to remove the polyimide coating. Also, 2 mm 
of polyimide at the beginning and at the end of the capillaries was removed.  Initial 
conditioning was as follows: flushing at ~ 940 mbar with 1.0 N NaOH for 1 hr, water for 
1 hr and BGE for another hr. Daily, the capillary was conditioned with 0.1 N NaOH for 
10 min, water for 10 min and BGE for another 10 min. Between injections, the capillary 
was flushed with 0.1 N NaOH for 1 min, water for 1 min and BGE for 3 min.  
 
4.3. Results and Discussion  
4.3.1 Screening design using fractional factorial Design (fFD) 
The criteria for choosing the factors and levels for this work were based on previous 
work done with a pyromellitic (similar in structure to TMA, Figure 4.1) acid BGE system 
using both univariate and multivariate approaches as well as literature reports. 
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Figure 4.1.Structures of BGE chromophoric probes PMA and TMA 
 
In this experimental design setup, six factors ([TMA], [HMOH], injection time (s), 
cassette temperature (ºC), applied field (kV) and detection wavelength) were selected for 
the fFD screening experiments to identify the most critical factors for optimization. A 
resolution of IV was chosen where main effects of the selected factors are confounded by 
3-way interactions. This allows for better estimation of the effects of the factors on the 
desired responses in order to select the critical factors for optimization. A 2-level ¼ fFD 
with low (-1) and high (+1) settings was chosen yielding 16 experiments plus 1 center 
point, giving a total of 17 points for the factor screening (Table 4.1).  
 
 
 
 
 
 
 
Pyromellitic acid (PMA) 
pKas: 1.91, 2.27, 4,49, 5,63 
 
 
 
 
Trimellitic acid (TMA) used in this work 
pkas: 2.52, 3.84, 5.20 
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Table 4.1. Factors and levels for fFD (26-2) screening experiments 
Factor  -1 0 +1 
[TMA] (mM) 2.00 3.50 5.00 
[HMOH] (mM) 0.50 1.00 1.50 
Injection time (s) 2 6 10 
Cassette temperature (ºC) 20.0 22.5 25.0 
Applied field (kV) 20.0 25.0 30.0 
Detection wavelength 200 227 254 
 
The responses studied for this analysis were peak resolution factor (Rs) of adjacent peaks, 
symmetry (Sym) of the peaks and the analysis time (t). Rs was calculated using the 
following equation:  
    𝑅1,2 =
2 (𝑡2−𝑡1)
𝑤1+𝑤2
      44 
where t2 and t1 are the migration times of two adjacent peaks and w1 and w2 are the 
baseline peak width. See Table 4.2 for further explanation. 
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Table 4.2. Responses selected for the screening analysis 
 
 
 
 
 
 
 
Pareto charts of the effects of the factors on the responses were constructed to determine 
the magnitude and statistical importance of the factors effects at 95% confidence level for 
all factor level intervals. From the analysis the critical responses identified were R1,2, R3,4 
and t. The Pareto charts (Figure 4.2 A, B and C) show that for R1,2, R3,4  although none of 
the factors were statistically critical (beyond the red line) the one most significant factor 
combination is that for [TMA] and [HMOH]. The other most important factor having 
effect on the responses was the injection time.  For the analysis time (t) (Figure 4.2 C), it 
was found that several factors and factor combinations were statistically critical for 
achieving a short migration time (and analysis time). Thus, the factors that have the most 
influence on the critical responses R1,2,  R3,4 and analysis time (t), selected from the 
screening experiments for optimization were [TMA], [HMOH], injection time and 
Response factor Description 
R1,2  Adjacent peaks 1 and 2 (S2O3
2- - S5O6
2-)  
R2,3  Adjacent peaks 2 and 3 (S5O6
2- - SO4
2-) 
R3,4 Adjacent peaks 3 and 4 (SO4
2- - S3O6
2-) 
R4,5  Adjacent peaks 4 and 5 (S3O6
2- - S4O6
2-) 
Sym1 Peak 1 symmetry 
Sym2 Peak 2  symmetry 
Sym3 Peak 3  symmetry 
Sym4 Peak 4  symmetry 
Sym4 Peak 5  symmetry 
t  Analysis time (min) 
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applied potential, with the cassette temperature and analysis wavelength set at 25 ºC and 
200 nm, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A 
B 
C 
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Figure 4.2. Pareto Charts showing the effects of the 6 factors on A. R1,2  B. R3,4 and C. 
Analysis time (t) 
4.3.2 Optimization design using Box-Behnken response surface design (BBD) 
A BBD allows for efficient estimation of the first- and second-order coefficients of the 
design model using the factor levels selected. The optimal factor levels for the desired 
responses are expected to be in the experimental domain. The four critical factors 
selected from the screening experiments that have statistically significant effect on the 
responses chosen for this work and their levels are shown in Table 4.3. These factors 
were optimized using a BBD surface response methodology.  The BBD required 27 
experiments. The results of the optimization analysis are shown in Table 4.4. Figure 4.3 
shows five representative electropherograms for the factors at different levels; and the 
degree of separation of the five thiosalt species. 
 
Table 4.3. Factors and their levels selected for the BBD optimization experiments  
 
 
 
 
 
 
Factor  Levels 
[TMA]  2.00 – 3.50 – 5.00 (mM) 
[HMOH] 0.50 – 1.00 – 1.50  (mM)  
Injection time (s) 2 – 6 – 10  
Potential (-kV)    20 – 25 – 30 
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Table 4.4. Results of BBD optimizing experiments 
RunOrder [TMA] [HMOH] Inj time App Field R1,2 R2,3 R3,4 R4,5 t 
1 2.00 1.00 6 30 1.39 1.52 1.49 4.85 2.69 
2 2.00 1.00 2 25 2.21 2.16 2.05 9.22 3.24 
3 3.50 1.50 10 25 0.78 1.32 0.00 4.48 3.21 
4 5.00 1.00 6 30 2.41 1.04 0.00 3.79 2.82 
5 3.50 1.00 6 25 1.48 2.49 1.30 5.16 3.33 
6 5.00 0.50 6 25 1.42 3.68 1.01 10.26 3.74 
7 3.50 1.00 6 25 1.55 2.56 1.28 4.96 3.35 
8 3.50 1.50 6 20 1.09 2.87 2.15 7.31 4.05 
9 2.00 1.50 6 25 1.23 1.76 1.97 5.96 3.22 
10 2.00 1.00 10 25 1.21 1.35 1.41 5.79 3.28 
11 3.50 0.50 6 20 1.77 2.91 1.04 9.25 4.48 
12 2.00 0.50 6 25 2.19 1.65 0.93 9.41 3.47 
13 3.50 0.50 10 25 1.45 2.68 0.98 8.64 3.57 
14 5.00 1.00 6 20 1.00 3.39 1.02 3.51 3.43 
15 3.50 0.50 2 25 2.17 3.91 1.37 10.83 3.58 
16 5.00 1.00 2 25 1.34 4.13 0.93 2.93 3.44 
17 3.50 1.00 6 25 1.48 2.42 1.18 4.52 3.34 
18 3.50 1.00 2 20 1.99 3.53 1.28 6.47 4.10 
19 2.00 1.00 6 20 1.72 1.65 1.38 5.45 4.09 
20 3.50 1.50 6 30 1.11 2.38 1.94 6.09 2.69 
21 3.50 1.00 2 30 1.68 2.77 1.80 8.82 2.79 
22 3.50 1.00 10 20 1.29 2.23 1.06 4.47 4.18 
23 5.00 1.50 6 25 2.13 1.47 0.00 4.63 3.29 
24 5.00 1.00 10 25 2.38 0.93 0.00 3.27 3.42 
25 3.50 0.50 6 30 1.75 2.81 1.08 8.75 2.96 
26 3.50 1.50 2 25 1.57 3.35 2.41 7.04 3.26 
27 3.50 1.00 10 30 1.24 2.09 1.34 4.72 2.78 
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Figure 4.3. Five representative electropherograms from the optimization experiments 
using BBD experimental design (see Table 4). 1. RunOrder 6; 2. RunOrder 11; 3. 
RunOrder 19; 4. RunOrder 25; 5. RunOrder 26. Detection λ = 350, Ref = 200 nm. 
Thiosalt species: 1. S2O3
2- (50 µg/mL); 2. S5O6
2- (25 µg/mL); 3. SO4
2- (20 µg/mL);   4. 
S3O6
2- (50 µg/mL);  and 5. S4O6
2- (50 µg/mL) 
 
0.5 mAu
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Table 4.5 shows the targets set for the resolution response factors R1,2, R2,3, R3,4 and R4,5; 
the symmetry factors (Sym) and analysis time (t).  
 
Table 4.5. Response targets for adjacent peak resolution (𝑅𝑆) and analysis time (t) for the 
optimizing experiments using BBD 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 below shows the optimization response dashboard of the influence of the 
separation factors on the targeted responses. The values in red show optimized levels of 
the factors and instrumental conditions for best desirability for the responses. The 
individual desirabilities (d) of each response show how the factor levels optimize that 
response; and the composite desirability (D) shows the overall influence of the factors at 
different levels, on all the responses. The maximum value for d or D is 1. Each factor can 
influence one or more of the responses.  
Resolution response 
factor 
Goal Target Minimum Maximum 
R1,2 (peak 1 and 2) Target  2.5 2.0 3.0 
R2,3 (peak 2 and 3) Target  2.5 2.0 3.0 
R3,4 (peak 3 and 4) Target  2.5 2.0 3.0 
R4,5 (peak 4 and 5) Target  5.0 4.0 8.0 
Sym1 Target 1.00 0.60 1.60 
Sym2 Target 1.00 0.60 1.60 
Sym3 Target 1.00 0.60 1.60 
Sym4 Target 1.00 0.60 1.60 
Sym5 Target 1.00 0.60 1.60 
t (min) minimize 3.0 3.0 3.5 
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Figure 4.4. Response dashboard showing the optimized factors and levels and their effect 
on the selected responses 
 
140 
 
The optimization windows of the factors are very narrow, indicating that a small change 
in the factor setting can significantly impact the responses. For instance, increasing 
[TMA] above ~2.70 mM will negatively compromise R1,2, Sym1, 2, 4 and 5. In addition, 
it will be impossible to simultaneously improve R1,2 and R2,3 with [TMA] as an increase 
in concentration will lead to a decrease in R1,2 and an increase in R2,3, although the 
desirabilities for these responses, at the optimized factor levels are close to the target 
values with good desirabilities (d = 0.98 and 0.82 respectively). With the exception of 
Sym3, the peak symmetries Sym1, 2, 4 and 5 are negatively impacted with an increase in 
[TMA]. For [HMOH], the optimum factor setting was 0.66 mM. Above this 
concentration, the responses that will be negatively impacted include R1,2, R4,5 and Sym5. 
As well, the injection time of between 2 and 10 s (as a function of a constant pressure of 
50 mbar), is shown to impact the responses. Different injection times (at constant 
pressure), will translate to different injection volumes and hence loading. Increasing the 
loading will lead to increased peak widths and therefore reduction in peak resolution Rs. 
To ensure that peaks are completely resolved, it may be necessary to sacrifice a little 
sensitivity for resolution. Injection times were varied from 2 s to 10 s to assess their 
impact on the responses. An injection time of ~ 4 s, together with the optimum settings of 
the other factors, led to a high overall desirability factor of 0.8. Finally, as expected, the 
applied field at the optimum setting of -30 kV was shown to greatly improve the analysis 
time. Thus, the optimized factor level settings of [TMA] of 2.58 mM, [HMOH] of 0.66 
mM, injection time of  4 s and applied field of -30 kV were necessary to attain good 
desirabilities for all the targeted responses. 
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4.3.3 Validation and analysis of optimized conditions for TMA BGE system 
The optimized values were tested experimentally and the results were compared with the 
mathematically predicted values for the peak resolution factors (Rs), peak symmetry 
(Sym) and analysis time (t) of the five thiosalt species. The results of the analysis are 
summarized in Table 4.6. It can be shown that there was generally good agreement 
between the predicted and the experimental values with percentage differences ranging 
from 3.4% to 42.4%. Interestingly, the values yielding the high percentage differences (> 
10%) gave experimental results closer (more favourable) to the targeted values than 
predicted. 
 
Table 4.6. Predicted versus experimental values of peak resolution for PMA BGE system 
 
 
 
 
 
 
 
 
 
 
Response Predicted  Experimental  
(n = 3) 
% Difference 
R1,2 2.06 2.32 11.7 
R2,3 2.43 2.24 8.1 
R3,4 1.53 1.40 8.9 
R4,5 9.12 8.76 4.0 
Sym1 1.59 1.03 42.4 
Sym2 1.33 1.29 3.4 
Sym3 1.21 1.06 12.8 
Sym4 0.68 0.88 26.1 
Sym5 0.62 0.86 32.2 
t (min) 2.74 2.89 9.7 
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In the following section (Section 3.3.4), the response surface plots for optimization 
analysis of the TMA BGE system are analyzed. The electropherogram obtained from the 
the optimization experiments showed that the most critical response factors were R1,2, 
R3,4, Sym4 and Sym5. Thus only the surface plots for these responses are discussed.  
 
4.3.4 Surface Plot analysis of R1,2 and R3,4 vs [TMA[ and [HMOH] 
Using the optimized settings of injection time set of 4 s (at 50 mbar) and applied field at -
30 kV (optimum conditions), the influence of the change in [TMA] and [HMOH] on R1,2 
can be seen in Figure 4.5A. An increase in [TMA] from 2.00 mM to 5.00 mM led to a 
reduction of R1,2 to a minimum value lower than the target value of 2.0. This may be 
attributed to interaction between the probe ions and the analyte ions at higher probe 
concentration. Since sensitivity is related to molar displacement ratio of probe ions by the 
analyte ions, the molar concentration of analyte is important; typically, a low sample 
concentration relative to that of the probe is expected to reduce peak distortions 
(broadening, fronting and tailing). Although, the surface plot maxima correspond to low 
[TMA] of 2.00 mM and low [HMOH] of 0.50 mM, the adjacent peak resolution R1,2 at 
this maximum is higher than the target of 2.0, therefore an increase in [TMA] and 
[HMOH] is needed to reach the required target setting.  
 
In the surface plot of the effect of interaction between [TMA] and [HMOH] on peak 
resolution factor R3,4  (Figure 4.5B), a different trend to that of R1,2, is seen. The 
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maximum point (corresponding to R3,4 of ~ 2.5) corresponds to low [TMA] at 2.00 mM 
and high [HMOH] at 1.50 mM. To reach the target of 2.0, a mid-point may be favorable. 
The final optimum conditions of [TMA] = 2.58 mM, [HMOH] = 0.66 mM shows that a 
compromise is needed between [TMA] and [HMOH] to achieve the target and not 
compromise the other response targets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5. 3-D response surface plots of the effect of interaction between [TMA] and 
[HMOH] on peak resolution factors (A) R1,2 and (B) R3,4.  
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4.3.5 Surface Plot analysis of Sym4 and Sym5 vs [TMA[ and [HMOH] 
The 3-D surface plots of the effect of [TMA] and [HMOH] on peak symmetry are shown 
in Figure 4.6 A and B. Interestingly, these two plots look similar with slighted folded 
‘slide’ shapes. Thus the maxima occurred at low [TMA] and either low or high [HMOH]. 
An increase in [TMA] led to a significant reduction in the peak symmetries of S3O6
2- and 
S4O6
2- however at every [TMA] (from 2.00 mM to 5.00 mM), a high or a low value (0.50 
mM or 1.50 mM) of [HMOH] was needed to improve the symmetries. For better peak 
symmetries (close to 1.0), it is preferable to have low [TMA] and avoiding the mid-point 
value of 1.00 mM for [HMOH]. A compromise was reached for Sym4 and Sym5 at the 
optimum concentrations of TMA and HMOH set with the model ([TMA] = 2.58 mM, 
[HMOH] = 0.66 mM) with values (0.68 and 0.88 respectively) that were closer to the 
target value of 1.00. Interestingly, however the experimental values (0.88 and 0.86) were 
much better (closer to 1.00). 
 
4.3.6 Peak splitting in TMA BGE 
Peak splitting was observed for some of the analyte peaks as shoulder peaks on the tail 
side of the main analyte peak (Figure 4.7). Peak splittings have been seen by other 
researchers and are thought to be caused by a number of factors such as high analyte 
concentration, particularly thiosulfate;29 presence of ionizable groups in the analyte 
molecule that can form complexes with the buffer constituents,30 and excessive 
dispersion and separation of neutral and charged species of the same analyte.31 In this 
work, peak splitting occurred for trithionate and tetrathionate peaks at low (≤ 0.5 mM) 
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and high concentrations (≥ 1.5 mM) of [HMOH]. This may be attributed to interactions 
with the analytes, possibly incomplete formation of ion-pair complexes at low 
concentrations and interactions with HM2+ adsorbed to the capillary surface. Further 
research is required to fully understand more clearly this phenomenon.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. 3-D response surface plots of the effect of interaction between [TMA] and 
[HMOH] on peak symmetry factor Sym4.                                                                                                                              
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Figure 4.7. Electropherogram showing peak splitting of trithionate and tetrathionate 
peaks. 1. S2O3
2- (50 µg/mL); 2. S5O6
2- (25 µg/mL); 3. SO4
2- (20 µg/mL);   4. S3O6
2- (50 
µg/mL);  and 5. S4O6
2- (50 µg/mL) 
 
 
4.3.7 Figures of merit and application of optimized method for real world samples 
The optimal conditions were applied to the analysis of five thiosalt anion mixtures. Good 
separation of all analyte peaks (Figures 4.8A) was achieved in less than 3 min. However, 
as can be seen R3,4 was not completely baseline as predicted by the model (R3,4 = 1.5 
predicted and experimental R3,4 = 1.5 ). Thus, the separation was further optimized by 
reducing the applied field to -25 kV (Figure 4.8B). The final optimized conditions gave 
good reproducibility for migration times and peak areas for all the thiosalt species. The 
concentrations of the standards used were as follows: 1. S2O3
2- (50 µg/mL); 2. S5O6
2- (25 
µg/mL); 3. SO4
2- (20 µg/mL);   4. S3O6
2- (50 µg/mL);  and 5. S4O6
2- (50 µg/mL);  
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Figure 4.8. Electropherogram showing (A) the separation of five thiosalt species using 
optimized separation conditions: [TMA]: 2.58 mM, [HMOH]: 0.66 mM, applied field: -
30 kV. (B) Same conditions as (A) but applied field: -25 kV Thiosalt species: 1. S2O3
2- 2. 
S6O6
2- 3. SO4
2- 4. S3O6
2- 5. S4O6
2- 6. S5O6
2- 
1 
2 
3 
A 
B 
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Figures of merit are presented in Table 4.7 including migration times, LODs, relative 
standard deviations (RSD) of migration times and peak areas. The LOD values 
determined for the thiosalt species were much better than reported values in the literature 
for these species. The RSD values were calculated for a mixture of the five species at 40 
µg/mL each. 
 
Table 4.7. Limit of LOD values (µg/mL) and RSD values for migration time and peak 
areas for five thiosalt species analyzed at the optimum BGE conditions. Number of 
analysis (n) = 3 and detection λ = 350 nm, Ref λ = 200 nm.  
Analyte  Average 
migration 
time (min) 
LOD 
(µg/mL) 
RSD migration 
time (%) 
(n = 3) 
RSD peak area 
(%) 
(n = 3) 
SO4
2- 2.1 0.2 0.1 1.7 
S2O3
2- 2.2 0.3 0.2 3.9 
S3O6
2- 2.3 0.4 0.2 6.4 
S4O6
2- 2.4 0.3 0.2 9.7 
S5O6
2- 2.9 0.2 0.3 4.5 
 
 
For the real world analysis, samples were taken from a mine tailings pond and analyzed 
for the presence of thiosalts using a standard addition method. Samples were diluted 1:50, 
spiked with different concentration of thiosalt standards and analyzed. Figure 4.9 shows 
the electropherogram of 1:50 real sample and a spiked sample with 40 µL of thiosalt 
standard mixture containing 6 µg/mL of each of the five species. Table 4.8 shows the 
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results from the analysis. All the five thiosalt species were detected in the tailings sample, 
with the concentration of thiosulfate (SO4
2-) > 500 µg/mL, that of sulfate (SO4
2-) close to 
400 µg/mL, and [S3O6
2-] and [S5O6
2-] > 50 µg/mL. The concentration of S4O6
2- was found 
to be < 50 µg/mL. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9. Electropherograms of 1:50 diluted real sample (A) and real sample spiked 
with 40 µL of 6 µg/mL thiosalt mixture standard solution. 1. S2O3
2- 2. S5O6
2- 3. SO4
2- 4. 
S3O6
2- 5. S4O6
2-  
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Table 4.8. Results from the analysis of a tailings pond sample using standard addition 
calibration 
Thiosalt species  Amount in tailings pond sample 
(µg/mL±SD) 
SO4
2-  521.4 ± 52.1 
S2O3
2- 379.5 ± 25.5 
S3O6
2-  54.3 ± 6.6 
S4O6
2- 39.5 ± 7.4 
S5O6
2- 59.2 ± 2.7 
 
 
4.4 Concluding remarks 
The quest for reliable and high quality data from environmental, pharmaceutical and 
forensic samples has called for the need to develop robust and reliable analytical methods 
for their analysis. The complexity of such samples requires techniques that can resolve all 
the components and quantify them accurately. Furthermore, the instability of thiosalts 
requires high throughput. In this work, a CZE with indirect detection was developed 
using  fFD for screening six factors from which four factors were chosen ([TMA], 
[HMOH], injection time and applied field) as critical to optimization.  The important 
responses assessed in method optimization using BBD, were peak resolution R1,2 and 
R3,4; and peak symmetry (Sym4 and Sym5). The final optimized conditions gave good 
separation of all five analyte peaks in 3 min with highly reproducible migration times 
(RSD < 0.3 %) and peak areas (RSD < 10 %). The method gave LOD values of < 0.5 
µg/mL. Finally the optimized method was applied successfully to the analysis of real 
thiosalt tailings pond sample. 
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  Chapter 5
 
Determination of Association Constants of Trication-Thiosalt 
Ion pairs using positive mode electrospray ionization time-of-
flight mass spectrometry 
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5.1 Introduction 
Thiosalts are sulfur oxyanions associated with mining and milling of sulfidic minerals; 
their key impact is acidification of receiving environments.1,2  These anions are usually 
analyzed by ion exchange chromatography (IEC),3,4 or more recently capillary zone 
electrophoresis (CZE) with UV-vis detection.5-8 When samples are complex or when 
matrix effects interfere with expected migration behaviour, the use of retention or 
migration time for anion identification maybe impossible and UV-vis lacks necessary 
specificity. New approaches for thiosalt analysis, particularly mass spectrometric (MS) 
techniques for detection, can yield improved detection limits and unequivocal anion 
identification. In recent years, tricationic alkyl-linked imidazolium and phosphonium 
salts have been shown to be good ion-pairing reagents for singly and doubly charged 
anions, forming stable gas-phase adducts with these anions. Divalent ions studied with 
these ion-pairing reagents included thiosalt species such as sulfate (SO4
2-), thiosulfate 
(S2O3
2-) and tetrathionate (S4O6
2-).9-13 Ion-pairs with these bulky ion-pairing reagents are 
formed in a 1:1 ratio with net charge of +1 making thiosalt analysis more sensitive by 
increasing the m/z at which the analyte species are measured, and facilitating use of the 
more sensitive positive-mode ESI-MS. 
 
Conceptually, ion-pair formation in solution is a multistep process involving the 
successive exclusion of solvent molecules in the solvation sphere of the ions and 
formation of a compact ion pair. Thus, there is a transition from solvent-separated ion-
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pair (SSIP), through a solvent-shared ion-pair (SIP) to the final compact ion-pair (CIP) 
system. When the ion-pairs are successfully transferred to the gas-phase by ESI, 
desolvation strengthens non-covalent interactions (such as electrostatic, π-π and hydrogen 
bonding) between these ion pairs.14 A summary of the steps involved in ion-pairing 
between a thiosalt (TS) ion and an ion-pairing (IP) reagent in solution and the transition 
through the desolvation stages are shown in Figure 5.1.   
 
 
  
 
 
 
Figure 5.1. A multistep equilibrium for ion-pair formation between a thiosalt (TS) and an 
ion-pairing reagent (IP). k1, k2 and k3 are step-wise equilibrium constants. (Adapted from 
Ref. 14)  
 
Ion-pairing reagents have been evaluated in a number of analytical systems in terms of 
their efficiencies in analytical separations, spectroscopic behaviour, binding affinities for 
non-covalent ion-pairs, etc.15-18 Research has focused on understanding the mechanisms 
involved in the formation of these ion-pairs, such as thermodynamic properties, influence 
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of the solvation environment, and kinetics.19-24 Particularly important is the study of the 
association (stability) constants of these ion-pairs in solution and the gas phase. Nuclear 
magnetic resonance (NMR), mass spectrometry (MS), UV-vis and Raman spectroscopy 
have all been used in these studies. Studies involving MS are of special interest since 
formation of an ion-pair that remains stable in the ionization process and in gas phase is 
required for detection.25 The transfer of such non-covalent ion-pairs into the gas phase by 
ESI has been well documented.26-27  
 
Some environmentally- important studies of ionic analytes using ion-pairing reagents with 
ESI-MS have been reported.10,12,28,29 For example, this technique was applied by 
Magnuson et al.28 for the analysis of perchlorate in drinking water with detection limits 
of 100 ng/L  This approach was extended to some sulfur oxyanions species by Warnke et 
al.,2 Breitbach et al.,4 and Gerardi et al.29 Breitbach et al. evaluated 16 different 
tricationic ion-pairing reagents of various types with ESI-MS to detect divalent anions 
including SO4
2- and S2O3
2-. LODs achieved for the sulfur oxyanions with these 
imidazolium, phosphonium or pyrrolidinium containing ion-pair reagents were much 
lower than using CE or IC with UV-Vis: 0.1 ng to 2.75 ng for SO4
2- and 0.1 ng to 5.2 ng 
for S2O3
2-. They found that for the linear tricationic reagents, alkyl linkages between 
charged moieties of six to ten carbons gave optimal pairing response. Warnke et al.2 also 
evaluated two trigonal and two linear tricationic pairing reagents for several divalent 
anions including tetrathionate (S4O6
2-) and detected them in the positive mode ESI-MS. 
For tetrathionate LOD values of 5.0 x 10-4 ng/mL and 2.2 x 10-2 ng/mL were measured 
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for the linear phosphonium-based and imidazolium-based trication pairing reagents 
respectively, and 2.5 x 10-2 ng/mL and 5.0 x 10-2 ng/mL for the trigonal phosphonium-
based and imidazolium-based trication pairing reagents respectively. In 2012, Gerardi et 
al.29 used CE-ESI-MS with 1,3,5-tris [(tripropylphosphonium) methyl]benzene (IP-T-
Imid) to analyze sulfate, thiosulfate and benzenedisulfonate with good separation and 
LODs in tens of ng/mL.   
 
The primary objective of the work presented here is to evaluate the strength of the 
interactions (binding energies) between three tricationic ion-pairing reagents (Figure 5.2) 
and a suite of four key environmentally-occurring thiosalt anions (Figure 5.3) using flow 
injection analysis (FIA) technique for the anions and post-column addition (via a mixing 
tee) of tricationic ion-pair reagents, followed by ESI-MS analysis. This type of study, 
especially the strength of ion-pairing interactions between tricationic ligands and 
thiosalts, has not been undertaken or published. In addition to elucidating the strength of 
association, the data obtained from this study will enable selectivity tuning as well as 
sensitivity determination for the thiosalt species in complex environmental media. 
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                                IP-T-Imid      IP-T-Phos 
 
 
     IP-L-Imid 
Figure 5.2. Structures of trigonal and linear tricationic ion-pairing reagents: 1,3,5-tris[(3-
butyl-imidazolium)methyl]-2,4,6-trimethylbenzene (IP-T-Imid); 1,3,5-
tris[(tripropylphosphonium) methyl]benzene (IP-T-Phos); and 1,3-bis[6-(3-benzyl-1-
imidazolio)-hexyl]imidazolium (IP-L-Imid) 
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Figure 5.3. Structures and names of thiosalt species used in this study 
 
 
 
 
 
 
thiosulfate 
 
 
 
 
sulfate 
 
 
 
n=1: trithionate 
n=2: tetrathionate 
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5.2 Materials and methods  
5.2.1 Chemical reagents, solutions and sample preparation 
All reagents and solvents used for this study were of analytical grade unless otherwise 
noted. Thiosalt (sulfur oxyanion) species (Figure 5.3) were purchased from Sigma-
Aldrich (MO, USA) except sodium trithionate, which was synthesized using a modified 
method after Kelly et al.30 Details of the synthesis and characterization of the single 
crystals of sodium trithionate have been published elsewhere.31 Tricationic ion-pairing 
reagents 1,3,5-tris[(3-butyl- imidazolium)methyl]-2,4,6-trimethylbenzene (IP-T-Imid); 
1,3,5-tris [(tripropylphosphonium)methyl]benzene (IP-T-Phos); 1,3-bis[6-(3-benzyl-1- 
imidazolio)-hexyl]imidazolium (IP-L-Imid) in the fluoride form (in 50/50 v/v 
methanol/water) were all obtained from Sigma-Aldrich, MO, USA. These were diluted as 
needed with 50/50 v/v nanopure water/HPLC grade methanol (Sigma-Aldrich, MO, 
USA). Nanopure water (18.2 MΩ.cm) used for this work was from a Barnstead Nanopure 
II (CA, USA) water purification system. HPLC grade sodium hydroxide was purchased 
from Agilent Technologies (Waldbronn, Germany), 0.22 μm nylon filters were obtained 
from Canadian Life Sciences (ON, Canada) and hydrochloric acid (trace metal grade) 
was from Fisher Scientific, Canada.  
 
5.2.2 Instrumentation and experimental setup 
Analyses were performed with an Agilent 1260 Infinity LC System coupled to an Agilent 
6230 time-of-flight (TOF) LC/MS System (Agilent Technologies, Mississauga, ON). 
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Methanol/water (50/50 v/v) system was used as eluting solvent. The ionization source 
was a dual electrospray ionization (ESI) source operated in the positive mode. In the 
ionization chamber, the nebulizer pressure was set at 10 psi; the drying gas flow rate and 
temperature were set at 13.0 L/min and 300 °C, respectively.  With the ESI parameters 
held constant and capillary voltage at 4 kV, the TOF parameters were optimized using  a 
surface response experimental design approach to achieve the highest signal count for the 
ion-pair reagent ion ([IP]3+) and trication-thiosalt ion-pair ([IP.TS]+). The final conditions 
were: fragmentor voltage 96 V, skimmer 20 V and Oct 1 RF Vpp 652 V. The scan range 
was set to the range 100 – 1000 m/z. Mass calibration and tuning were performed each 
day before experiments were performed. Data collection and analysis were performed 
using MassHunter workstation software (version B.05.00). The concentrations of the four 
thiosalt species were set at 2 μM and the ion-pair reagents were varied from 0.5 μM to 10 
μM. The volume of samples injected was 5 μL except for sulfate for which 20 μL was 
injected. Each titration had seven levels and was performed at least two times.  
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5.3 Results and discussion  
5.3.1 Mass spectrometric analysis 
All full scan spectra obtained showed the presence of the 1:1 trication-thiosalt ion-pairs. 
Table 5.1 shows the ion-pairs monitored in this work. The mass spectra of an equimolar 
amount (10 µM) of IP-T-Imid and S2O3
2- is shown in Figure 5.4. 
 
Table 5.1. Trication-thiosalt ion- pairs [IP.TS]+ and their corresponding m/z value 
monitored in positive mode ESI-TOF for the 12 systems 
Ion-pair system Thiosalt ion m/z of ion-pair 
IP-T-Phos SO4
2- 
S2O3
2- 
S3O6
2- 
S4O6
2- 
693 
709 
789 
821 
IP-T-Imid SO4
2- 
S2O3
2- 
S3O6
2- 
S4O6
2- 
627 
643 
723 
755 
IP-L-Imid SO4
2- 
S2O3
2- 
S3O6
2- 
S4O6
2- 
647 
663 
743 
775 
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Figure 5.4. FIA-ESI-TOF mass spectrum showing ion-pair signals for equimolar (10 µM each) of IP-T-Imid and S3O6
2- 
showing [IP-T-Imid·S3O6
2-]+ (m/z 723) and that of [IP-T-Imid3+] alone  (m/z 177)
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5.3.2 Gas phase evaluation of association constant Kassoc 
The basic assumption for the evaluation of the gas phase Kassoc is that there is a 1:1 
binding of the ion-pair reagent and the thiosalt species. The tricationic ion- pairing 
reagents have three permanent positive charges (IP3+) and the thiosalt anions have two 
negative charges (TS2-). The ion-pairs observed in the ESI-MS experiments (see Figure 
5.5 and 5.6) all confirm the formation of [IP.TS]+. In a 1:2 (IP·2TS) system, the resulting 
ion-pair will carry a -1 charge and will not be observed in the positive mode ESI. A 2:1 
(2 IP.TS) ratio will result in aggregate ion-pairs with a 2+ charge state, none of which 
were observed for any of these systems. For the purposes of this work, we can assume the 
exclusive formation of the 1:1 ion-pairs. Thus a 1:1 binding model was applied for all the 
ion-pairs in thisstudy. Figure 5.4 shows the effect of the concentration of the ion-pair 
reagents on the signal intensities of the ion-pairs monitored in this study. 
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Figure 5.5. Effect of concentration of three ion-pair reagents (IP-L-Imid, IP-T-Imid and 
IP-T-Phos) on the signal intensities of the trication – thiosalt ion-pair. Thiosalt 
concentrations were 2.0 μM. Error bars represent standard deviation. 
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5.3.3 Data treatment of 1:1 association constant model 
The equilibria for the reaction between a thiosalt ion (TS2-) and tricationic ion-pairing 
reagent (IP3+) in the aqueous phase and transfer to the gas phase (equilibrium constants 
not shown) can be represented as:  
     IP3+ (aq) + TS
2−
(aq) ⇆ [IP ∙ TS]
+
(aq)
⇆ [IP ∙ TS]+
(g)
  (5-1) 
The overall equilibrium constant is given as:  
  βassoc =
[IP𝑖∙TS𝑡]
[IP]𝑖[TS]𝑡
       (5-2) 
where t, i are the stoichiometric coefficients for the TS and IP, respectively in the 
reaction. For this work the basic assumption is that a 1:1 association occurs in the ion-
pair formation, thus Equation 5-2 can therefore be written as: 
  Kassoc =
[IP∙TS]
[IP][TS]
       (5-3) 
In these experiments [𝐼𝑃]0 was fixed and [𝑇𝑆]0 varied while monitoring the signal count, 
S of the ion-pair [IP.TS]+ for each titration step. Binding isotherms were the constructed 
for each of the twelve [IP.TS]+ systems. In evaluating 𝐾𝑎𝑠𝑠𝑜𝑐 , the signal intensities of the 
free ion-pair reagent (SIP) and the trication (SIP·TS) were monitored at each titration point. 
It was assumed that the response factors for the free ion-pair (fIP) and the ion-pair (fIP·TS) 
were similar, that is, F =1. 
 
 
 
170 
 
Thus the value for SR in Equation 5-4 was determined for each titration point: 
  
[𝐼𝑃∙𝑇𝑆]
[𝐼𝑃]
=
𝑆𝐼𝑃 ∙𝑇𝑆 𝑓𝐼𝑃 ∙𝑇𝑆⁄
𝑆𝐼𝑃 𝑓𝐼𝑃⁄
=
𝑆𝐼𝑃 ∙𝑇𝑆
𝑆𝐼𝑃
∙
𝑓𝐼𝑃
𝑓𝐼 𝑃∙𝑇𝑆
= 𝑆𝑅𝐹 = 𝑆𝑅    (5-4) 
where 𝑆𝑅is the ratio of the ion intensities for the ion-pair (SIP·TS) and free trication (SIP), 
and F is the ratio between the response factors of the free trication (fIP) and the ion-pair 
(fIP.TS). F is assumed to be equal to 1. 
 
Using the mass balance equations 5-5 and 5-6, together with Equations 5-3 and 5-4, we 
can begin to develop a relationship between SR, Kassoc and the total concentrations of ion-
pair reagent ([IP]0) and thiosalt ([TS]0).  
  [𝐼𝑃]0 = [𝐼𝑃] + [𝐼𝑃 ∙ 𝑇𝑆]      (5-5) 
  [𝑇𝑆]0 = [𝑇𝑆] + [𝐼𝑃 ∙ 𝑇𝑆]      (5-6) 
Substituting Equation 5-6 into 5-3 will yield Equation 5-7. 
  Kassoc =
[IP∙TS]
[IP]([𝑇𝑆]0−[IP∙TS])
       (5-7) 
Given that: 
  
[𝐼𝑃∙𝑇𝑆]
[𝐼𝑃]0
=
[𝐼𝑃∙𝑇𝑆]
[𝐼𝑃]+[𝐼𝑃∙𝑇𝑆]
        (5-8) 
and   [𝐼𝑃 ∙ 𝑇𝑆] = [𝐼𝑃]0 ∙
[𝐼𝑃∙𝑇𝑆]
[𝐼𝑃]+[𝐼𝑃∙𝑇𝑆]
      (5-9) 
 
 
Equation 5-7 can be re-written as: 
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 𝐾𝑎𝑠𝑠𝑜𝑐 =
[𝐼𝑃∙𝑇𝑆]
[𝐼𝑃]
∙
1
[𝑇𝑆]0−([𝐼𝑃]0∙
1
[𝐼𝑃]
[𝐼𝑃∙𝑇𝑆]
+1
)
      (5-10) 
Substituting SR from Equation 5-4 into 5-10, and given that F is unity; we can derive the 
following quadratic equation: 
 𝑆𝑅
2 + 𝑆𝑅(1 + 𝐾𝑎𝑠𝑠𝑜𝑐 [𝐼𝑃]0 − 𝐾𝑎𝑠𝑠𝑜𝑐 [𝑇𝑆]0) − 𝐾𝑎𝑠𝑠𝑜𝑐 [𝑇𝑆]0 = 0   (5-11) 
 
The only real root of the quadratic equation (5-11) is given in Equation 5-12. 
 
𝑆𝑅 =
−(1+𝐾𝑎𝑠𝑠𝑜𝑐[𝐼𝑃]0−𝐾𝑎𝑠𝑠𝑜𝑐[𝑇𝑆]0)+√(1+𝐾𝑎𝑠𝑠𝑜𝑐[𝐼𝑃]0−𝐾𝑎𝑠𝑠𝑜𝑐[𝑇𝑆]0)
2+4𝐾𝑎𝑠𝑠𝑜𝑐[𝑇𝑆]0
2
  (5-12) 
 
Thus, we have obtained a relationship between the ratio of the signal intensities (SR), 
Kassoc and the initial total concentrations of the ion-pair reagent [IP]0 and the thiosalt 
species [TS]0, the only unknown being Kassoc. A non-linear curve fitting method can then 
be used to obtain the value of Kassoc. An initial estimated value of Kassoc = 1.00 × 10
3 M-1 
based on literature was used in iterative successive approximations until reaching the 
lowest sum of the square of the differences (residuals) between the observed and 
calculated signal ratios Σ(SR-Scalc)
2. In this work, convergence was assumed when the 
percent difference of successive 𝐾𝑎𝑠𝑠𝑜𝑐  values was < 1%,
34 with convergence tolerances 
of the residuals ranging from 0.00003 to 0.1 for the twelve systems. 
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5.3.4 Evaluation of Kassoc for thiosalt-tricationic ion pairs 
The Kassoc values obtained from the titration experiment are shown in Figure 5.6. Overall 
the Kassoc determined showed that the tricationic ion pairing reagents paired well with all 
the thiosalt species. These Kassoc values (in the range of 10
3 – 105 M-1) are comparable and 
in agreement with other solution and gas phase binding constants reported in literature for 
these types of ion-pairs.35,39 
 
Figure 5.6. Bar graphs showing the association constants (Kassoc) of the trication- thiosalt 
ion-pair ([IP.TS]+) determined for 4 thiosalt species and 3 ion-pair reagents (12 systems) 
by titration and ESI-TOF MS. Error bars represent standard deviation in Kassoc. 
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It has been shown that electrostatic interactions mainly account for the strong interactions 
between ion-pairs in the gas-phase, such as thiosalt anion and the tricationic ion-pairing 
reagents.36-37 In addition, we may expect the strength of association to be influenced by 
the structure of the ion-pairing reagent and the thiosalt species. IP-L-Imid is a flexible 
linear imidazolium ion-pairing reagent and IP-T-Imid and IP-T-Phos are trigonal shaped 
molecules with imidazolium and phosphonium groups attached at a central core. There 
were a few notable features of the Kassoc values determined.  Perhaps most importantly is 
that the reproducibility of the measurements and resulting calculated Kassoc is quite good, 
with %RSD values ranging from 0.56% to 4.05%, except for 11.4% for the 
thiosulfate·IP-L-Imid ion-pairs.  The association constants and binding strength typically 
increased with thiosalt sulfur content, with very small values for sulfate and highest 
values for trithionate and tetrathionate. This is clearly shown in the log version of the 
Kassoc plot in Figure 5.7.  Though the trend held for the range of thiosalts studied with IP-
T-Imid, tetrathionate gave Kassoc values lower than trithionate for IP-L-Imid and IP-T-
Phos. The highest Kassoc was found for the interaction of trithionate with IP-L-Imid at 
3.56 × 105 M-1, followed by the ion-pairing with tetrathionate by the same ligand at 1.45 
× 105 M-1.  IP-L-Imid also gave the higher Kassoc value for thiosulfate. Trithionate and 
tetrathionate were alsopaired strongly by IP-T-Imid (Kassoc of 7.30 × 10
4 and 1.05 × 105 
M-1, respectively).  Although the linear imidazolium was generally considered the best 
ion-pairing agent for the thiosalts, it also gave lowest Kassoc in the 12 systems studied with 
values of 6.85 × 102 M-1 for sulfate [IP-L-Imid:SO4]
+). The best result for sulfate was for 
1.89 × 103 M-1 for IP-T-Imid·SO4
2-.  
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Figure 5.7. Log scale showing the trends in increasing association constants (Kassoc) 
values with increasing sulfur content in the ion-pair reagent – thiosalt ([IP.TS]+) ion-pairs  
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The formation of strong association constants between the linear imidazolium tricationic 
ion pairing reagent IP-L-Imid is likely due to the ability of the flexible arms with terminal 
imidazolium groups to wrap around the thiosalt and coordinate the thiosalt species 
through electrostatic interactions and hydrogen bonding between the acidic hydrogen on 
the imidazolium core groups and the oxygen on the thiosalt anions. The much higher 
Kassoc for trithionate and tetrathionate might be due to hydrophobic interactions between 
the hydrophobic sulfur linkages and hydrophobic character of the alkyl tether of the IP-L-
Imid or the terminal phenyl moiety. The trigonal shaped reagents IP-T-Imid and IP-T-
Phos also paired strongly with the two thionate species. The higher Kassoc value for IP-T-
Imid can also be attributed to electrostatic and hydrophobic interactions with the thiosalt 
species, but since they are lower than with the linear IP reagent, steric considerations are 
likely implicated.  
 
The weakness of the sulfate associations may be due to its small size and high charge 
density associated with sulfate suggests the possibility a strongly bound solvation sphere 
that would be somewhat less amenable to displacement of water and coordination to the 
large ion-pairing reagents, therefore weak interactions result. The IP-T-Imid give the best 
results of the three ion pairing reagents, suggesting that the geometry may allow the 
sulfate to fit well between two imidazolium groups, and that the hydrophobic terminal 
phenyl groups and less structured nature of the IP-L-Imid works against ion-pairing.  The 
IP-T-Phos seems to be limited by hindered access to the charged phosphorus, which has 
three alkyl substituents and bound by the tether. Thiosulfate also showed lower Kassoc 
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values, but though only slightly larger than sulfate (one sulfur replaces one oxygen) it has 
much higher association constants. The charged terminal sulfur seems to yield stronger 
electrostatic and hydrogen bonding than oxygen in the sulfate. It is notable that the two 
sulfur atoms in thiosulfate are in different oxidation states, ther central S being +6 and 
terminal S -2, thus giving thiosulfate very different chemistry than the other thiosalt 
species.40 
 
A look at the change in standard Gibbs energy of formation (ΔrG
o) for the ion-pairs 
(Figure 5.8) shows the general trend of the formation of lower energy ion-pairs with 
increasing sulfur content of the thiosalt species. ΔrG
o was calculated from the relationship 
ΔrG
o = RTInKassoc, where R is the gas constant (8.31 J K
-1 mol-1) and T is the temperature 
in kelvin (298 K for this work). The trigonal shaped tricationic pairing reagents (IP-T-
Imid and IP-T-Phos) show similar trends in the energies of the ion-pairs formed with the 
thiosalt anions. The linear tricationic ion-pair reagent (IP-L-Imid) also show a similar 
trend with the exception in the ion-pair formed with S3O6
2- for which the Gibbs energy of 
formation was much lower than that of S4O6
2-. This suggests that the mechanism (due to 
their shape and coordination geometry) for ion-pairing may be similar for both pairing 
reagents. Sulfate also has the smallest change in formation energies for all the three ion-
pairing reagents, ranging from a formation energy of -16 kJ mol-1 with both the linear 
flexible IP-L-Imid and trigonal IP-T-Phos, to -18 kJ mol-1with trigonal IP-T-Imid. This 
gives credence to the suggestions that the high charge density, small ionic radius and 
hardness of sulfate may contribute to the weak coordination with the bulky reagents. 
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Trithionate and tetrathionate formed the lowest energy ion-pairs with the three ion-
pairing reagents. These trends and differences in Kassoc and ΔrG
o will help to select the 
appropriate ion-pairing reagents to tune the ion-pairing for specific thiosalt species.  
 
 
 
 
 
 
 
 
 
 
Figure 5.8.  Trends in change in standard Gibbs energy of formation (ΔrG
o), kJ mol-1 for 
trication-thiosalt ion-pairs 
 
 
5.4 Concluding remarks 
Tricationic ion-pairing reagents provide an alternative to analyzing thiosalt ions directly 
with mass spectrometry. We evaluated three tricationic ion-pairing reagents for their 
ability to form gas-phase ion-pairs with four thiosalt species using FIA with positive 
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[IP3+] and the trication–thiosalt ion-pairs [IP·TS]+ were monitored. All the ion-pairing 
reagents paired very well with the thiosalt species (except sulfate and thiosulfate) in the 
gas-phase and formed +1 ion-pairs, making them amenable to ESI in the positive mode 
and detection at relatively high m/z values that are typically free of interferences.  The 
strength of association (Kassoc) for these ion-pairs were greater than those reported in the 
solution phase for similar system (60 – 120 M-1) by about two to three orders of 
magnitude.39 The gas-phase association constant (Kassoc) values obtained for the thiosalt 
ion-pairs with IP-L-Imid, IP-T-Imid and IP-T-Phos were in the range of 6.85 × 102 M-1 to 
3.56 × 105 M-1. Overall, except for sulfate, the Kassoc values obtained for these ion-pairs 
showed that favourable ion-pairs were formed between the tricationic ion-pairing 
reagents and the thiosalt species in the gas-phase. Selectivity tuning will be useful in 
detecting these thiosalt species with minimal interference such as in the case of the high 
sulfate concentration common in real samples.   
 
 
5.5 Future direction 
Thiosalts present in treated tailings ponds and in mill effluent present a challenge for 
analysis due to the complexity of the matrix, especially in natural receiving waters, in 
which these partially oxidized sulfur species exist. With the known sensitivity limitation 
of UV-vis compared with mass spectrometry, this work presents an alternative way 
forward for the accurate trace analysis of these thiosalt species in complex environmental 
samples. Once successfully coupled to an ESI-TOF-MS interface, a CZE method will 
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developed and utilized for the fast separation of these thiosalt species and the trication-
thiosalt ion-pairs detected with ESI-TOF-MS. This future work will also employ 
experimental design approach to optimize the most important parameters to develop a 
robust and reliable method for the analysis of these anions.  
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6.1 Introduction 
Thiosulfate and polythionates, also known as thiosalts, are partially oxidized sulfur 
oxyanions formed during the milling and flotation of sulfide ores. In these processes, 
sulfide and sulfite react with elemental sulfur to yield linear polysulfides, which are 
oxidized to form thiosulfate (S2O3
2–), trithionate (S3O6
2–), tetrathionate (S4O6
2–) and other 
higher polythionates of the formula SxO6
2- where 3 ≤ x ≤10. Higher order polythionates 
are usually formed at very low concentrations. Thiosalts easily undergo further oxidation 
to sulfuric acid in natural water systems. The environmental implications lie in the 
formation of the acid; this leads to depression of the pH of the receiving water, which 
directly impacts organic organisms, and also facilitates mobilization and increased 
bioavailability of toxic metal species.1-3  
 
Room temperature determinations of anhydrous potassium trithionate and tetrathionate 
have been previously reported, though the atom coordinates are not available in the 
Cambridge Structural Database.4,5 Only five structurally characterized examples of the 
pentathionate anion have been previously reported, including the potassium pentathionate 
hemihydrate, which crystallized in an orthorhombic space group.6,6d Herein, we report the 
low temperature determinations of the sodium trithionate trihydrate analogue and the 
redetermination of potassium tetrathionate, with an emphasis on the different potassium 
coordination environments for the independent formula moieties contained in the 
asymmetric unit. Further, the new monoclinic form of potassium pentathionate is 
reported.  
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6.2 Synthesis 
Syntheses of sodium trithionate trihydrate, S3O6•2Na•3H2O, (1), Potassium tetrathionate, 
S4O6•2K (2) and Potassium pentathionate hydrate, S5O6•2K•1.5H2O (3) salts were carried 
out using methods modified from those described by Kelly et al.7 Crystal growth of the 
trithionate and tetrathionate salts were accomplished by adding ice–chilled 95 % ethanol 
to the synthesized but amorphous trithionate and tetrathionate salts and leaving for 12 
hours at 4 °C. The crystallized salts were then filtered by vacuum and dried in a 
desiccator. Pentathionate was recrystallized by heating in 0.1 M H2SO4 and cooling 
rapidly to 0 °C. Vacuum-filtered crystals were washed with absolute ethanol and dried in 
a desiccator. 
 
6.3 X–Ray Experimental 
Crystals of 1 – 3 were mounted on low temperature diffraction loops and measured on a 
Rigaku Saturn CCD area detector with graphite monochromated Mo–Kα radiation.  
Structures were solved by direct methods and expanded using Fourier techniques.8,9   
Neutral atom scattering factors were taken from Cromer and Waber.10 Anomalous 
dispersion effects were included in Fcalc;
11 the values for ∆f' and ∆f" were those of Creagh 
and McAuley.12 The values for the mass attenuation coefficients are those of Creagh and 
Hubbell.13 All calculations were performed using CrystalStructure14,15 and OLEX216 
crystallographic software packages, except for refinement, which was performed using 
SHELXL–97.9 Non–hydrogen atoms were refined anisotropically, while hydrogen atoms 
were introduced in difference map positions and refined positionally with Uiso = 1.5 Ueq 
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of the atom to which they were bonded. Distance and angle restraints were applied to the 
bonds involving hydrogen atoms. A summary of the X–ray crystallographic data can be 
found in Table 6.1. 
 
6.4 Structural Descriptions 
Sodium trithionate trihydrate, S3O6•2Na•3H2O, (1): crystallized in Pmmn with half the 
chemical formula moiety contained in the asymmetric unit (Z’ = 0.5; Figure 6.1). S–S 
and S–O bond distances are given in Table 6.2.  There are oxygen contacts to the sodium 
atom from thiodisulfate atoms (O1, O2), from a bridging-water molecule (O3), and from 
the symmetry generated equivalents of these atoms, filling the sodium valence in a six-
coordinate octahedral environment (Table 6.3, Figure 6.1), and leading to a three-
dimensional coordination network for this structure (Figure 6.2).  A single, 
uncoordinated, lattice solvent water molecule (O4) is present in the network for each 
formula unit equivalent, forming hydrogen–bonds to both the coordinated bridging water 
molecule (O3), and to the thiodisulfate oxygen atoms (O2; Table 6.4).  
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Figure  6.1. Fragment of the polymeric motif in 1, represented with 50% probability 
ellipsoids; symmetry codes (i) = x, ½−y, z; (ii) = 1.5−x, y, z; (iii) = 1.5−x, ½−y, z; (iv) = 
1−x, 1−y, 2−z; (v) = x, y, z−1; (vi) = ½+x, 1−y, 2−z; (vii) = ½−x, y, z−1; (viii) = 1−x, 1−y, 
1−z; (ix) = 1+x, y, z; (x) = 2−x, 1−y, 1−z; (xi) = ½−x, y, z.   
 
  
(a)       (b) 
Figure 6.2. Unit cell of 1, (a) viewed down the a–axis (b) viewed down the c–axis. 
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Potassium tetrathionate, S4O6•2K (2): Crystallized in Cc with two chemical formula 
moieties contained in the asymmetric unit (Z’ = 2; Figure 6.3). S–S and S–O bond 
distances are given in Table 6.5.  Each of the unique potassium cations possesses a 
different coordination sphere filled by oxygen and sulfur donors from the thiodisulfate 
atoms: K1 – S2O6; K2 – S1O6; K3 – O9; K4 – O8 (see Figure 6.4 and Table 6.6). In the 
previous report,5 the authors make note of the variable coordination number about 
potassium (i.e., 6, 6, 9 and 8), however, they considered only the coordination sphere out 
to 3.4 Å. As reported here, the coordination spheres are less variable (with coordination 
numbers 7 – 9), since K1 and K2 are involved in a total of three K–S coordinative 
interactions (K1–S2 = 3.4572(19) Å, K1–S3v = 3.5484(19) Å, K2–S2vii = 3.6814(19) Å). 
In order to support these assignments, a search in the Cambridge Structure Database (v. 
5.34)17 was performed, revealing 144 structures with known coordinates containing a 
total of 367 K–S bonds, with 48 having a bond length between 3.4 and 3.7 Å (Table 6.7). 
Combining this information with coordination environment further revealed seven 
structures that posses an S2O6 coordination sphere,
18,19 while 14 are S1O6 coordinated.
19,20 
However, these differ from the reported tetrathionate in that all but three19 have all 
oxygen donors from 18–crown–6. Of the exceptions, one contains a combinations of 
methanol and calixarene–type donors,19a while the other two are 1,10–dithia–18–crown–
6.19b,c This is therefore the first structurally reported example of a tetrathionate sulfur–
metal interaction. 
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Figure 6.3. Asymmetric unit of 2, represented with 50% probability ellipsoids. 
 
The potassium–oxygen/sulfur bridges lead to the formation of an extended, solvent–free, 
three dimensional network (Figure 6.5). Intermolecular sulfur–sulfur distances that 
slightly exceed the van der Waals radius of the sulfur atoms are present and run parallel 
to the b–axis (S2−S6iv = 3.663(2) Å; symmetry code: (iv) x−1/2, y−1/2, z). The 
tetrathionate ions adopt a conformation such that only one of the two crystallographically 
independent molecules is involved in K–S coordinative bonds. The S–S–S–S torsion 
angle for the tetrathionate involved in the K–S interactions is slightly acute at 87.28(9)o 
while that of the non–interacting tetrathionate is very near to a right angle, at 90.93(8)o. A 
search in the Cambridge Structural Database17 shows 22 other structurally characterized 
models containing at least one tetrathionate anion, but none with acute angles (all fall in 
the range of 93.9o – 127.3o).12 
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Figure 6.4. Coordination environments of each of the crystallographically unique 
potassium cations in 2, represented with 50% probability ellipsoids. Symmetry codes: (i) 
x, y+1, z; (ii) x, −y, z−1/2; (iii) x−1/2, −y+3/2, z−1/2; (iv) x−1/2, y−1/2, z; (v) x, −y+1, 
z−1/2; (vi) x−1/2, −y+1/2, z−1/2; (vii) x, −y+1, z+1/2; (viii) x, y−1, z. 
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Figure 6.5. Three–dimensional coordination network of 2, represented with 50% 
probability ellipsoids, view down the c–axis. Short intermolecular S–S separations 
indicated with dashed lines. 
 
Potassium pentathionate hydrate, S5O6•2K•1.5H2O (3): crystallized in P21/c with two 
chemically identical formula unit moieties contained in the asymmetric unit (Z’ = 2; 
Figure 6.6). S–S and S–O bond distances are given in Table 6.8.  Unlike, 2, however, 1.5 
potassium–coordinated lattice solvent water molecules per formula unit are also present, 
and each are involved in hydrogen bonding interactions with pentathionate oxygen-
acceptor atoms (Table 6.9). There are oxygen and sulfur contacts to the potassium atoms 
from pentathionate atoms, again, filling the coordination sphere of each of the unique 
195 
 
potassium cations with a different complement of donor atoms: K1 – S2O7; K2 – S1O7; 
K3 – S1O8; K4 – O9 (see Figure 6.7 and Table 6.10). The S2O7 coordination sphere for 
potassium is previously unreported, while only 11 structures have been recorded with an 
S1O7 environment for potassium,
22 all but one where six of the oxygen donors are from 
18–crown–6 derivatives (the other contains both methanol and maltose oxygen–donor 
atoms).22a In contrast to 2, the pentathionate ions have adopted a conformation such that 
both of the crystallographically independent molecules are involved in K–S coordinative 
bonds. This structure also represents the first example of a metal–sulfur bond involving a 
pentathionate sulfur donor atom. In the previously reported potassium pentahydrate, each 
potassium ion is considered to only have a coordination sphere consisting of seven 
pentathionate oxygen donors.6d  
 
 
 
 
 
 
 
 
                                   
 
Figure 6.6. Asymmetric unit of 3, represented with 50% probability ellipsoids. 
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Figure 6.7. Coordination environments of each of the crystallographically unique 
potassium cations in 3, represented with 50% probability ellipsoids. Symmetry codes: (i) 
x−1, −y+1/2, z−1/2; (ii) x, −y+1/2, z−1/2; (iii) x−1, y, z; (iv) x, y, z+1; (v) x, −y+1/2, 
z+1/2; (vi) −x+1, −y, −z+1; (vii) −x+2, −y, −z; (viii) x+1, y, z; (ix) x, y, z−1; (x) −x+2, −y, 
−z+1. 
 
The potassium bridges lead to the formation of an extended, three dimensional network in 
which sulfur–rich channels are present parallel to the a–axis (Figure 6.8). The sulfur–rich 
channels result from the formation of intermolecular eight–membered sulfur rings, where 
covalently bonded S2 and S3 form contacts at the edge of their van der Waals radii to S8 
197 
 
and S9, on different neighboring molecules (Figure 6.9; S2−S9vii 3.601(2) Å and S3−S8x 
3.600(3) Å). In the previously reported orthorhombic form of this structure, the closest S–
S approach was notably longer at 3.697(6) Å.6d A Cambridge Structural Database17 
analysis revealed 85 other structures with a similar motif (S–S intermolecular contacts 
out to 3.8 Å were considered), many present in nominal intramolecular cyclic polysulfur 
structures (S8 [23], HNS9 [24], HNS8 [24], HNS7 [25]) as well as 1,7–
bis(trichloromethyl)heptasulfane (Table 6.11).26 
 
 
 
 
 
 
 
 
 
 
Figure 6.8. Three–dimensional coordination network of 3, represented with 50% 
probability ellipsoids, view down the a–axis. 
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Figure 6.9. Intermolecular sulfur–sulfur contacts in 3 leading to the formation of an 
eight–membered ring about an inversion centre. Symmetry codes: (vi) −x+1, −y, −z+1; 
(viii) x+1, y, z; (x) −x+2, −y, −z+1.  
 
 
 
6.5 Conclusions 
The polythionate complexes of sodium (tri-) and potassium (tetra- and penta-) are 
reported, and the coordination sphere of the potassium ions discussed. Higher 
polythionates at very low concentrations are known to form during the milling and 
flotation of sulfide ores. Thus far, only one structure containing the hexathionate anion 
has been reported.27  Future work towards the characterization of this structure is planned. 
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TABLES 
 Table 6.1. Summary of Crystallographic Data 
Compound reference 1 2 3 
Chemical formula S3O6•2Na•3H2O S4O6•2K S5O6•2K•1.5H2O 
Formula Mass 292.21 302.43 361.52 
Crystal system Orthorhombic Monoclinic Monoclinic 
Space group Pmmn (#59) Cc (#9) P21/c (#14) 
a/Å  
b/Å 
6.8486(15) 
13.945(3) 
22.081(4) 
7.955(2) 
12.131(3) 
19.917(5) 
c/Å 4.8446(10) 10.0934(15) 9.198(2) 
α/° 90.00 90.00 90.00 
β/° 90.00 102.573(8) 91.398(5) 
γ/° 90.00 90.00 90.00 
Unit cell volume/Å3 462.69(17) 1730.4(6) 2221.8(9) 
Temperature/K 153(2) 163(2) 138(2) 
Z 2 8 8 
Reflections 
(Total/Unique/I I) 
4761/588/583 9400/ 3550/ 
3509 
12740/4559/ 
3943 
Rint 0.0247 0.0279 0.0553 
R1 (I > 2σ(I)) 0.0275 0.0412 0.0709 
wR(F2) (all data) 0.0769 0.0946 0.1952 
Goodness of fit on F2 1.247 1.211 1.050 
CCDC number 928014 928015 928016 
 
Table 6.2. Selected S–S and S–O Bond Lengths (Å) and Angles (o) in 1 
S1–O1  1.4603(16) S1–S2   2.0973(7) 
S1–O2  1.4514(12) S2–S1i  2.0973(7)  
S1–O2ii  1.4514(12) 
 
S1–S2–S1i  105.30(4) 
 
Symmetry codes: (i) = x, ½−y, z, (ii) = 1.5−x, y, z 
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Table 6.3. Na–O Bond Lengths (Å) and Angles (o) in 1 
Na1–O1  2.3858(11)   O1–Na1–O1vii  180.0 
Na1–O1vii  2.3858(11)   O1–Na1–O2iv  90.0 
Na1–O2iv  2.4687(12)   O1–Na1–O2v   90.26(5) 
Na1–O2v  2.4687(12)   O1vii–Na1–O2iv  90.26(5) 
Na1–O3vii  2.3213(12)   O1vii–Na1–O2v  89.74(5) 
Na1–O3  2.3213(12)   O2iv–Na1–O2v  180.0 
O3vii–Na1–O3  180.0  
O3vii–Na1–O1  84.46(4) 
O3–Na1–O1   95.54(4) 
O3vii–Na1–O1vii  95.54(4) 
O3–Na1–O1vii  84.46(4) 
O3vii–Na1–O2iv  91.72(5) 
O3–Na1–O2iv  88.28(5) 
O3vii–Na1–O2v  88.28(5) 
O3–Na1–O2v   90.26(5) 
Symmetry codes: (iv) = 1−x, 1−y, 2−z, (v) = x, y, z−1, (viii) = 1–x, 1–y, 1–z 
 
Table 6.4. Hydrogen–bond Interactions in 1 
Donor  H Acceptor  D...A D–H H...A    D–H...A 
 O3  H3B   O4  2.706(2) 0.843(17) 1.891(18)   162(3) 
 O3  H3B   O4xi  2.706(2) 0.843(17) 11.891(18)   162(3) 
 
Symmetry code: (xi) = ½−x, y, z 
 
Table 6.5. Selected S–S and S–O Bond Lengths (Å) and Angles (o) in 2 
S1–O1 1.445(4)   S1–S2 2.1313(19)   
S1–O3 1.447(4)   S3–S4 2.1195(17)   
S1–O2 1.454(4)   S5–S6 2.138(2)   
S4–O4 1.444(4)   S7–S8 2.1069(18)   
S4–O6 1.449(4)     
S4–O5 1.456(4)   S3–S2–S1 102.62(8) 
S5–O8 1.440(4)   S2–S3–S4 105.86(7) 
S5–O7 1.452(4)   S7–S6–S5 104.31(8) 
S5–O9 1.465(4)   S6–S7–S8 100.25(8) 
S6–S7 2.030(2)     
S8–O10 1.453(4)     
S8–O12 1.455(4)     
S8–O11 1.462(4)   
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Table 6.6. K–O and K–S Bond Lengths (Å) in 2 
K1–O1i  2.612(4)   K2–O3i  2.680(6) 
K1–O3ii  2.684(5)   K2–O2vii  2.747(5) 
K1–O8iii  2.775(4)   K2–O5i  2.770(4) 
K1–O7iv  2.885(4)   K2–O12  2.775(4) 
K1–O6v  2.973(4)   K2–O4vii  2.806(4) 
K1–O4  2.993(4)   K2–O11  3.042(4) 
K1–S2  3.4572(19)   K2–S2vii 3.6814(19) 
K1–S3v  3.5484(19)  
 
 
K3–O2i  2.676(5)   K4–O11v 2.689(4)  
K3–O6v  2.798(4)   K4–O5  2.783(4)  
K3–O12  2.811(4)   K4–O8viii  2.806(4)  
K3–O11v  2.837(4)   K4–O7vii  2.829(4)  
K3–O4  2.897(4)   K4–O9vii  2.843(4)  
K3–O10v  2.944(4)   K4–O10  2.918(4)  
K3–O10  2.974(4)   K4–O12vii  3.084(4)  
K3–O9  2.985(4)   K4–O9viii  3.096(4)  
K3–O5v  3.228(5)  
 
Symmetry codes: (i) x, y+1, z; (ii) x, −y, z−1/2; (iii) x−1/2, −y+3/2, z−1/2; (iv) 
x−1/2, y−1/2, z; (v) x, −y+1, z−1/2; (vi) x−1/2, −y+1/2, z−1/2; (vii) x, −y+1, 
z+1/2; (viii) x, y−1, z. 
  
202 
 
Table 6.7. Histogram of K−S bond distances, generated using the Cambridge Structural 
Database [17] suite of programs (ConQuest and Mercury.) 
 
Number of 
Observations 
367 
Minimum/Maximum 
Distance 
2.832/3.86 Å 
Mean Distance 3.28(14) Å 
Median Distance 3.254 Å 
Skewness/Kurtosis 0.856/2.091 
Upper/Lower 
Quantiles 
3.19/3.332 Å 
Number of 
Low/High Outliers 
1/6 
 
 
Table 6.8 Selected S–S and S–O Bond Lengths (Å) and Angles (o) in 3 
S1–O2  1.445(5)   S1–S2   2.132(2)    
S1–O3  1.450(5)    S2–S3   2.040(2)   
S1–O1  1.450(5)    S3–S4   2.040(3)   
S5–O5  1.444(5)   S4–S5   2.127(2)    
S5–O6  1.445(5)    S6–S7   2.125(2)   
S5–O4  1.450(5)   S7–S8   2.036(3)     
S6–O7  1.440(6)    S8–S9   2.033(3)   
S6–O9  1.444(5)    S9–S10  2.118(2)   
S6–O8  1.450(5)   
S10–O11  1.441(5)   
S10–O12  1.447(5)   
S10–O10  1.448(5)  
 
S3–S2–S1  102.74(10) 
S2–S3–S4  107.88(10) 
S3–S4–S5  101.82(10) 
S8–S7–S6  101.52(10) 
S9–S8–S7  107.81(11) 
S8–S9–S10  102.85(10) 
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Table 6.9 Hydrogen–bond Interactions in 3 (Å,o) 
Donor  H Acceptor  D...A D–H H...A   D–H...A 
 O13  H13B   O1v  2.977(7) 0.87(2) 2.11(2)   174(8)   
 O13  H13A   O3xii  2.763(7) 0.87(2) 1.94(4)   159(8)   
 O14  H14B   O9vii  2.788(7) 0.87(2) 1.96(4)   158(7)   
 O15  H15A   O8x  2.957(7) 0.86(2) 2.18(5)   149(8)   
 O15  H15B   O9vii  2.810(7) 0.86(2) 1.98(3)   161(7)   
Symmetry codes: (v) x, −y+1/2, z+1/2; (vii) −x+2, −y, −z+1; (x) x, y, z−1; (xii) −x+1, 
y+1/2, −z+1/2. 
 
 
 
Table 6.10. K–O and K–S Bond Lengths (Å) in 3 
K1–O13  2.689(5)   K2–O7  2.649(6)   
K1–O12  2.753(5)   K2–O14iv  2.716(5)  
K1–O1  2.762(5)   K2–O6  2.742(5)  
K1–O4ii  2.927(5)   K2–O13v  2.747(5)  
K1–O4  3.042(5)   K2–O5v  2.994(5)  
K1–O11iii  3.049(6)   K2–O2vi  3.059(5)   
K1–O12iii  3.104(5)   K2–O4v  3.094(6)  
K1–S2  3.475(2)   K2–S3  3.639(3)  
K1–S4  3.585(2)  
 
K3–O15v  2.658(5)   K4–O11  2.760(5)  
K3–O10v  2.767(5)   K4–O15  2.767(5)  
K3–O8  2.873(6)   K4–O14vii  2.796(5)  
K3–O5v  2.878(5)   K4–O2viii  2.806(5)  
K3–O10  2.979(5)   K4–O10ii  2.965(5)  
K3–O6  2.981(6)   K4–O8ix  3.036(6)  
K3–O11v  3.315(6)   K4–O1viii  3.066(6)  
K3–O5  3.365(5)   K4–O7x  3.119(6)  
K3–S7  3.372(2)   K4–O12ii  3.214(5)  
 
Symmetry codes: (i) x−1, −y+1/2, z−1/2; (ii) x, −y+1/2, z−1/2; (iii) x−1, y, z; (iv) x, y, z+1; 
(v) x, −y+1/2, z+1/2; (vi) −x+1, −y, −z+1; (vii) −x+2, −y, −z; (viii) x+1, y, z; (ix) x, y, z−1; 
(x) −x+2, −y, −z+1. 
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Table 6.11 Geometric comparison (Å,o) for some intermolecular S8 rings 
Compound     S...S  S−S...S  Reference 
 
Potassium pentathionate hydrate  3.601(2) 98.2  This work 
      3.600(3) 129.8 
 
C70 Fullerene hexakis(octathiocane) (S8) 3.38  169.6  23 
      3.52  116.2 
      3.54  94.7 
      3.67  144.6 
 
Nonasulfur imide (HNS9)   3.41  93.0  24 
      3.58  120.0 
 
Octasulfur imide (HNS8 )   3.64  93.9  24 
      3.71  96.5 
      3.62  114.1 
      3.72  165.9 
 
Heptasulfur imide (HNS7)   3.63  139.5  25 
      3.57  92.8 
 
Heptasulfur imide (HNS7)   3.72  139.9  25 
      3.60  91.8 
 
1,7–bis(trichloromethyl)heptasulfane  3.44  114.6  26 
      3.67  149.7 
 
Note 1: For structures where less than four distances and angles are provided, the 
remaining ones are symmetry equivalent to those listed. 
Note 2: There are two entries for HNS7 as there are two difference intermolecular S8 rings 
present in this structure. 
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7.1 General Conclusions 
Currently, ion exchange chromatography (IEC) is used in industry to measure thiosulfate, 
trithionate and tetrathionate. However, IEC suffers from long analysis times during which 
thiosalt species can undergo transformations (e.g., oxidation) leading to inaccuracies in 
the data. As well, the inability to measure key species such as sulfate and pentathionate 
makes computation of sulfur balances unreliable.  Thus, the development of fast, 
quantitative and comprehensive analytical methods for the analysis of key thiosalts is 
valuable for industry, government and academia. Although there are several groups 
involved in this endeavor, not many advances in high throughput analysis have been 
made recently.1-3 In this thesis,capillary zone electrophoresis ( CZE) with indirect UV-vis 
(Chapters 2 – 4) and CE coupled with MS are shown to be suitable for the analysis of five 
key thiosulfate species sulfate, thiosulfate, trithionate, tetrathionate and pentathionate. 
Given the range of parameters that can be varied to tailor the CE methods to be robust, 
high throughput and suitable for environmental samples, design of experimental 
principles have been demonstrated to be very effective in this work. The methods 
developed here show that CE is a viable an alternative to IEC.  They are expected to 
contribute immensely to ongoing research on thiosalts, and can be used by industry to 
better quantify thiosalts and other sulfur compounds, which will facilitate implementation 
of better means to mitigating the effects of thiosalts in mineral processing and in tailings. 
The work on CE-ESI-MS can be extended from proof of principle to the detection of 
thiosalts in complex environmental media and for trace analysis of these species. The 
work presented in this thesis also serves as the starting point for expanding the analytical 
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method to include a broader suite of sulfur species such as sulfide (S2-), hydrosulfide (HS-
) and sulfite (SO3
2-), which will give a more detailed picture of sulfur speciation and 
facilitate refinement of thiosalts treatment.  
 
In Chapter 2, a univariate approach was used to systematically develop and optimize a 
CZE method with hexamethonium dication (HM2+) as the EOF modifier and indirect 
detection of the thiosalts based on pyromellitic acid (PMA) as the chromophoric probe. 
The final method provided fast and quantitative analysis of the five thiosalt species in 
under 3 min. To the best of our knowledge no CZE method has been applied for all five 
species. Field amplified sample stacking (FASS) was also used to lower the detection 
limits by about 4 folds, from 0.09 and 0.34 μg/mL to between 0.02 and 0.12 μg/mL, 
making the method useful in trace and sub-trace analysis of these species. 
 
A follow-up to the work described in Chapter 2 was pursued and the result are presented 
in Chapter 3, in which a multivariate experimental design approach using central 
composite (CCD) response surface was applied to method optimization. The objective for 
this was to improve on the previously optimized univariate method, study the influence of 
the main electrophoretic factors on the separation, and optimize these factors 
simultaneously to achieve better sensitivity, resolution and analysis times. Although the 
optimized method used a different EOF modifier and different BGE component 
concentrations than described in Chapter 2, the analysis times in both instances were ~ 
2.9 min. However, the LODs were better (except for sulfate) for the method optimized 
214 
 
using multivariate analysis (between 0.1 to 0.2 μg/mL) than with univariate method 
without sample stacking, 0.09 μg/mL compared to 0.34 μg/mL. Moreover, a better 
understanding of the influence of the electrophoretic factors and how best to approach 
optimization was gained in the course of this study.  This will aid in future work 
exploring application of the approach to more complex systems with a greater range of 
sulfur anions.  
 
In Chapter 4, a new chromophoric probe (trimellitic acid –TMA) for thiosalts was used 
together with hexamethonium hydroxide in the development of a new CZE method with 
indirect UV-vis detection for the five thiosalt anions. As this probe has not been exploited 
previously for these species, full use was made of a multivariate experimenta l design 
approach. Six factors were studied at the screening stage using a fractional factorial 
design, of these, four critical factors were selected for optimization using Box-Behnken 
response surface design. The responses studied included peak resolution, peak symmetry 
and analysis time. It was observed that some peaks, particularly those of trithionate and 
tetrathionate, showed splitting at certain concentration of TMA and HMOH. By 
optimizing the factors to desired levels, this problem was reduced and complete 
separation of the five species was obtained. The LOD values obtained with TMA (0.2 – 
0.4 μg/mL) were higher than those obtained using PMA, which is not unexpected since 
TMA has a lower molar extinction coefficient than PMA.4  
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In Chapter 5, a positive mode ESI-MS method was used to study the association 
constants of the five thiosalt species using three tricationic ion-pairing reagents: (3,5-
tris[(3-butyl- imidazolium)- methyl]-2,4,6-trimethylbenzene (IP-L-Imid), 1,3,5-tris 
[(tripropylphosphonium) methyl]benzene (IP-T-Imid) and 1,3-bis[6-(3-benzyl-1-
imidazolio)-hexyl]imidazolium (IP-T-Phos). All ion-pairing reagents formed favourable 
associations with thiosalts in the gas-phase. To the best of our knowledge, only two 
papers have been published in which ion-pairing reagents have been applied for CE-ESI-
MS experiments.5,6 The use of tricationic ion-pairing reagents with all the thiosalts 
described in this chapter has not been reported elsewhere.  Based on the results obtained 
in this Chapter 5, it is anticipated that the use of these ion-paring reagents can be 
extended to a full CE-ESI-MS for a comprehensive range of thiosalts for fast and 
sensitive analyses.  
 
Chapter 6 a low temperature X-ray structural determinations of sodium trithionate 
trihydrate, anhydrous potassium tetrathionate and potassium pentathionate hydrate are 
reported. A statistical survey of potassium-sulfur interactions has been performed, and 
the K–S (tetra- and pentathionate donors) bonds highlighted. An intermolecular S8 ring 
motif has been found in the structure of the pentathionate. 
 
7.2 Future research work outlook 
The future of work on thiosalts based on the results obtained in this study looks bright. 
First, it has been established that CZE with indirect UV-vis detection is more attractive 
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than the currently used IC technique for analysis of thiosalts. One challenge with the CZE 
methods was that of real sample analysis in the presence of a large excess of sulfate. One 
way this was overcome was to dilute the real sample fifty (50x) and one hundred times 
(100x), with the assumption that environmentally relevant concentrations could still be 
measured reliably. However, based on the principles of standard addition, dilutions 
should not be more than 20% of the original sample. In the future, further methods 
developed for the analysis of real thiosalt samples should be optimized to accommodate 
large excesses of single analytes without compromising the efficiency of the separation 
and loss of sensitivity for trace concentrations of certain species, which may become 
undetectable upon dilution. A similar challenge was encountered by Muzikář et al. when 
analyzing sulfate in the presence of large excess of chloride.7 The approach was to 
provide a means on accommodating this peak using experimental design.  Finally, for the 
multivariate CZE method optimization, care should be taken in the screening and 
selecting of the most critical factors for optimum separation efficiency. For instance, the 
selection of injection time as a critical factor may not be necessary if the aim of the 
method was for to achieve high sensitivity. The selection of the type of experimental 
design should also be given due consideration. A response surface central composite 
design (CCD) may be better than a Box-Behnken design (BBD), especially for new 
factors, such as the new chromophoric probe (e.g. TMA Chapter 4). CCD has an 
embedded factorial design and allows for testing for higher and lower factor levels than 
can be accommodated by a BBD design. Since it may be possible that higher 
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concentrations of TMA or HMOH would be required to eliminate undesirable results, 
such as peak splitting, CCD design would be more efficient than BBD.  
 
For the FIA-ESI-MS work on determination of association constants for trication-thiosalt 
ion-pairs (Chapter 5), some improvement may be required to fine-tune the results 
obtained. For example, a diffusion pump malfunction made it difficult to maintain a 
constant flow of the ion-pairing reagents and will need to be addressed. For example, a 
separate isocratic pump may be a more reliable pumping system for the post-column 
addition, and this affords the option of using higher flow rates to infuse the ion-pairing 
reagents. Secondly, MS/MS analysis of the ion-pairs can provide insight into the stability 
of these ion-pairs and their fragmentation pathways, enabling the ability to ‘fingerprint’ 
these ion-pairs.  
 
The work on CE-ESI-MS for the analysis of tricationic-thiosalts ion- pairs was largely 
left uncompleted and will need further development. As mentioned previously, method 
development should include the application of a multivariate experimental design and the 
analysis of the ion-pairs should further exploit the selectivity of the ion-pairing reagents 
with the thiosalts. The association constants measured in Chapter 5 will provide a good 
starting point for this work.   
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Appendix A  
 
Systematic optimization of a pyromellitic acid background electrolyte for capillary 
electrophoresis with indirect UV-Vis detection and online pre-concentration analysis of 
thiosalt anions in the treated mine tailings pond  
 
In this section we present additional information on the influence of [TMAOH] on EOF 
and thiosalts separation efficiency ( Figures A 1),  of influence of [CTAB] on EOF and 
thiosalts separation efficiency (Figures A 2) and influence of [HMOH] on EOF and 
thiosalts separation efficiency (Figures A 3); influence of [PMA] on the sensitivity and 
separation efficiency of thiosalt species (Figure A 4), pH on the separation efficiency 
using the optimized PMA BGE (Figures A 5), influence of applied voltage on separation 
efficiency using optimized PMA BGE (Figures A 6); comparison of commercially 
available PMA BGE vs optimized PMA BGE under different applied voltage conditions 
(Figures A 7 and 8); effect of sampling stacking on sensitivity of analysis (Figure A 9); 
electropherogram of real thiosalt tailings pond sample and addition of thiosalts standards 
(Figure A 10, and standard addition calibration curves of thiosalts tailings pond sample 
(Figures A 11 - 15). Unless otherwise stated all migration times are in min. 
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Figure A 1. Electropherograms showing the effect of increase in [TMAOH] on separation 
efficiency of 5 thiosalt species. 1. No TMAOH, 2. [TMAOH] = 0.20 mM, 3. [TMAOH] 
= 0.40, 4. [TMAOH] = 0.60 mM, 5. [TMAOH] = 0.80 mM, 6. [TMAOH] = 1.00 mM.  
CZE conditions:  injection: 250 mbar.s, applied field: -20 kV, temperature: 25 oC, 
indirect UV detection at λ = 350 nm, Ref 200 nm. BGE 2.00 mM PMA pH adjusted to 8 
with TEA.  
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Figure A 2. Electropherograms showing the effect of increase in [CTAB] on separation 
efficiency of 5 thiosalt species. 1. [CTAB] = 0.00 mM, 2. [CTAB] = 0.20 mM, 3. 
[CTAB] = 0.40, 4. [CTAB] = 0.60 mM, 5. [CTAB] = 0.80 mM, 6. [CTAB] = 1.00 mM.  
CZE conditions:  injection: 250 mbar.s, applied field: -20 kV, temperature: 25 oC, 
indirect UV detection at λ = 350 nm, Ref 200 nm. BGE 2.00 mM PMA pH adjusted to 8 
with TEA.  
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Figure A 3. Electropherograms showing the effect of increase in [HMOH] on separation 
efficiency of 5 thiosalt species. 1. [HMOH] = 0.00 mM, 2. [HMOH] = 0.20 mM, 3. 
[HMOH] = 0.40, 4. [HMOH] = 0.60 mM, 5. [HMOH] = 0.80 mM, 6. [HMOH] = 1.00 
mM.  CZE conditions:  injection: 250 mbar.s, applied field: -20 kV, temperature: 25 oC, 
indirect UV detection at λ = 350 nm, Ref 200 nm. BGE 2.00 mM PMA pH adjusted to 8 
with TEA.  
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Figure A 4. Electropherograms showing the effect of increase in [PMA] on sensitivity 
and separation efficiency of 5 thiosalt species. 1. [PMA] = 1.00 mM, 2. [PMA] = 1.50 
mM, 3. [PMA] = 2.00 mM, 4. [PMA] = 2.50 mM, 5. [PMA] = 3.00 mM.  CZE 
conditions:  injection: 250 mbar.s, applied field: -20 kV, temperature: 25 oC, indirect UV 
detection at λ = 350 nm, Ref 200 nm. BGE 0.80 mM HMOH with PMA pH adjusted to 8 
with TEA.  
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Figure A 5. Electropherograms showing the effect of increase in pH on sensitivity and 
separation efficiency of 5 thiosalt species. 1. pH = 7, 2. pH = 8, pH = 9 CZE conditions:  
injection: 250 mbar.s, applied field: -20 kV, temperature: 25 oC, indirect UV detection at 
λ = 350 nm, Ref 200 nm. BGE [PMA] = 2.00 mM, [HMOH] = 0.80 mM pH adjusted to 
7, 8 and 9 with TEA.  
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Figure A 6. Electropherograms showing the effect of increase in electric field strength on 
sensitivity and separation efficiency of 5 thiosalt species. 1. -20 kV, 2. -25 kV, 3. -30 kV      
CZE conditions:  injection: 250 mbar.s, applied field: -20 kV, temperature: 25 oC, 
indirect UV detection at λ = 350 nm, Ref 200 nm. BGE [PMA] = 2.00 mM, [HMOH] = 
0.80 mM pH adusted to with TEA.  
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Figure A 7. Electropherograms showing the effect of increase in electric field strength on 
sensitivity and separation efficiency of 5 thiosalt species using commercially available 
PMA BGE. 1. -20 kV, 2. -25 kV, 3. -30 kV      CZE conditions:  injection: 250 mbar.s, 
applied field: -20 kV, temperature: 25 oC, indirect UV detection at λ = 350 nm, Ref 200 
nm.  
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Figure A 8. Electropherograms showing the effect of increase in electric field strength on 
sensitivity and separation efficiency of 5 thiosalt species using the optimized PMA BGE.         
1. -20 kV, 2. -25 kV, 3. -30 kV      CZE conditions:  injection: 250 mbar.s, applied field: -
20 kV, temperature: 25 oC, indirect UV detection at λ = 350 nm, Ref 200 nm.  
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Figure A 9. Electropherograms of thiosalts showing the influence of FASS on detection 
sensitivity. A. Analysis with stacking 3s at 30 mbar of water followed by 5 s at 50 mbar 
of sample, B. Analysis without stacking. [thiosalts] = 0.2 µg/mL each. 
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Figure A 10. Electropherograms of 1. Diluted (1:50) real sample from surface of thiosalts 
tailings pond,  2. Addition of 500 µL addition of thiosalt standard mixture 1 CZE 
conditions:  injection: 250 mbar.s, applied field: -20 kV, temperature: 25 oC, indirect UV 
detection at λ = 350 nm, Ref 200 nm. BGE [PMA] = 2.00 mM, [HMOH] = 0.80 mM pH 
adjusted to with TEA.  
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Figure A 11. Standard addition calibration curve showing addition of standard SO4
2- to 
1:50 diluted sample on the peak area of SO4
2- 
 
 
 
 
 
 
 
 
 
 
 
Figure A 12. Standard addition calibration curve showing addition of standard S2O3
2- to 
1:50 diluted sample on the peak area of S2O3
2- 
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Figure A 13. Standard addition calibration curve showing addition of standard S3O6
2- to 
1:50 diluted sample on the peak area of S3O6
2- 
 
 
 
 
 
 
 
 
 
 
 
Figure A 14. Standard addition calibration curve showing addition of standard S4O6
2- to 
1:50 diluted sample on the peak area of S4O6
2- 
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Figure A 15. Standard addition calibration curve showing addition of standard S5O6
2- to 
1:50 diluted sample on the peak area of S4O6
2- 
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Appendix B  
 
Central composite response surface designs for optimization of capillary electrophoresis 
with indirect detection using a triethanolamine-buffered pyromellitic acid probe for the 
analysis of thiosalts mine tailings  
 
In this section we present additional information on the central composite experimental 
design (CCD) factors, levels and results (Table B 1); calculations (Equation B-1 and B-
2); surface plots of influence of influence of [PMA] and [HM2+] on the resolution factor 
(Rs) (Figure B1 – B4); standard calibration curves for 5 thiosalt species (Figure B5 – B9); 
and standard addition calibration curves for 5 thiosalt species (Figure B10 – B14) 
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Table B 1. Central composite experimental design (CCD) of factors, levels and results of experiments  
 
R1,2; R2,3; R3,4 and R4,5 = peak resolution factors; i = system current; and t = migration time (min) of last analyte peak  
StdOrder RunOrder PtType Blocks [PMA] [HM2+] Applied 
Field        
(-kV) 
R1,2 R2,3 R3,4 R4,5 i t (min) 
10 1 1 2 5.00 1.00 30 1.37 3.70 1.74 10.40 19.1 3.03 
11 2 0 2 3.00 0.60 24 2.78 3.22 1.52 10.59 10.2 3.87 
12 3 0 2 3.00 0.60 24 2.80 3.23 1.51 10.31 10.3 3.86 
7 4 1 2 5.00 0.20 18 1.92 5.34 1.38 14.54 15.4 4.26 
8 5 1 2 1.00 1.00 18 2.89 1.36 2.42 11.46 3.0 4.76 
9 6 1 2 1.00 0.20 30 0.00 3.61 1.12 8.46 5.4 2.97 
2 7 1 1 5.00 1.00 18 1.64 5.11 2.34 15.75 11.4 5.16 
3 8 1 1 5.00 0.20 30 0.93 4.38 1.22 12.24 19.8 3.33 
6 9 0 1 3.00 0.60 24 2.83 3.25 1.51 11.17 10.2 3.86 
1 10 1 1 1.00 0.20 18 4.61 1.63 1.17 14.87 3.5 4.99 
5 11 0 1 3.00 0.60 24 2.79 3.27 1.49 11.30 10.2 3.85 
4 12 1 1 1.00 1.00 30 2.74 1.42 1.99 8.71 5.5 2.84 
17 13 -1 3 3.00 0.60 18 3.02 3.48 1.86 15.91 7.4 5.06 
18 14 -1 3 3.00 0.60 30 2.49 2.73 1.40 9.32 12.7 3.01 
16 15 -1 3 3.00 1.00 24 2.32 2.97 2.09 12.28 10.2 3.65 
19 16 0 3 3.00 0.60 24 2.79 3.27 1.52 11.89 10.1 3.86 
15 17 -1 3 3.00 0.20 24 3.04 3.58 1.06 14.33 10.5 4.07 
14 18 -1 3 5.00 0.60 24 1.31 3.77 1.49 9.56 15.6 3.94 
20 19 0 3 3.00 0.60 24 2.81 3.26 1.44 11.24 10.1 3.87 
13 20 -1 3 1.00 0.60 24 3.36 1.39 1.62 10.75 4.5 3.65 
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Calculations: 
The resolution factor (𝑅𝑠) was calculated using the equation: 
     
𝑅1,2 =
𝟐 (𝒕𝟐−𝒕𝟏)
𝒘𝟏+𝒘𝟐
        B-1 
 
Where R1,2 is the peak resolution between two adjacent peaks 1 and 2; t1 is the migration 
time of peak 1 and t2 is the migration time of peak 2. 
 
Percent Difference (% Diff) between the predicted and experimental responses was 
calculated using the equation:         
    
% Diff =
|𝑻−𝑬|
𝟏
𝟐
(𝑻+𝑬)
        B-2 
where T is the theoretically predicted response using the mathematical model and E is the 
experimental response. 
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The response surface plots of the influence of [PMA] and [HM2+] on the peak resolution 
factors are presented below: 
 
 
 
 
 
 
 
 
 
Figure B 16. Response surface plot of Resolutions R1,2, vs [PMA] and [HM
2+]  
 
 
 
 
 
 
 
 
 
Figure B 2. Response surface plot of Resolutions R2,3, vs [PMA] and [HM
2+]  
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Figure B 17. Response surface plot of Resolutions R2,3, vs [PMA] and [HM
2+]  
 
 
 
 
 
 
 
 
 
 
 
Figure B 18. Response surface plot of Resolutions R2,3, vs [PMA] and [HM
2+]  
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Figure B 19. External calibration curve for sulfate using the optimized PMA BGE system   
 
 
 
 
 
 
 
 
 
 
Figure B 20. External calibration curve for thiosulfate using the optimized PMA BGE 
system   
y = 0.7823x + 0.0093 
R² = 0.9962 
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
P
e
ak
 a
re
a 
(m
A
u
.m
in
) 
sulfate concentration (µg/mL)) 
y = 0.2904x + 0.0267 
R² = 0.9895 
0.000
0.500
1.000
1.500
2.000
2.500
3.000
0 1 2 3 4 5 6 7 8
p
e
ak
 a
re
a 
(m
A
u
.m
in
) 
thiosulfate concentration (µg/mL) 
241 
 
 
 
 
 
 
 
 
 
 
Figure B 21. External calibration curve for trithionate using the optimized PMA BGE 
system   
 
 
 
 
 
 
 
 
 
Figure B 22. External calibration curve for tetrathionate using the optimized PMA BGE 
system   
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Figure B 23. External calibration curve for pentathionate using the optimized PMA BGE 
system   
 
 
 
 
 
 
 
 
 
Figure B 24. Standard addition calibration curve for determination of sulfate using the 
optimized PMA BGE system   
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Figure B 25. Standard addition calibration curve for determination of thiosulfate using 
optimized PMA BGE system   
 
 
 
 
 
 
 
 
 
 
Figure B 262. Standard addition calibration curve for determination of trithionate using 
optimized PMA BGE system   
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Figure B 27. Standard addition calibration curve for determination of tetrathionate using 
optimized PMA BGE system   
 
 
 
 
 
 
 
 
 
Figure B 28. Standard addition calibration curve for determination of tetrathionate using 
optimized PMA BGE system   
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Appendix C  
 
Use of fractional factorial and Box-Behnken response surface designs for the screening 
and optimization of factors for capillary zone electrophoresis separation and indirect UV-
vis detection of thiosalts 
 
In this section we present additional information on the fractional factorial screening 
design (fFD) and Box-Behnken central composite experimental design (BBD) on the 
factors, levels and results; Pareto charts of the effects of the factors on the responses for 
the determination of the magnitude and statistical importance of the factors effects at 
95% confidence level; calculations; surface plots of influence of influence of [TMA] and 
[HM2+] on the resolution factor (Rs), peak symmetries and migration time of last 
migrating peak (t) Hold values for all surface plots are 4 s injection time (at 50 mbar) and 
applied field strength of -30 kV; and standard calibration curves for 5 thiosalt species. 
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Table C 1. Central composite experimental design (CCD) of factors, levels and results of experiments  
 
R1,2; R2,3; R3,4 and R4,5 = peak resolution factors; i = system current; and t = migration time (min) of last analyte peak; 
In Table S2 below: Sym1-5 = peak symmetries of peaks 1, 2, 3, 4 and 5 respectively 
 
RunOrder CenterPt [TMA] [HMOH] Inj 
time 
Cass 
temp 
App 
Field 
Wavelength R1,2 R2,3 R3,4 R4,5 t 
1 1 2.00 1.50 2 20 30 254 1.68 2.68 2.81 7.77 2.91 
2 0 3.50 1.00 6 22.5 25 227 1.54 2.77 1.36 4.87 3.46 
3 1 2.00 0.50 10 20 30 254 1.79 1.68 0.00 4.83 3.08 
4 1 2.00 0.50 2 25 20 254 3.51 2.31 1.18 12.73 4.36 
5 1 5.00 1.50 10 25 30 254 2.26 1.92 0.00 6.08 2.70 
6 1 2.00 1.50 10 25 20 254 1.10 1.69 1.89 5.68 4.00 
7 1 5.00 1.50 10 20 30 200 2.54 1.98 0.00 6.55 2.93 
8 1 5.00 1.50 2 25 20 200 1.02 4.73 2.58 7.22 4.12 
9 1 5.00 0.50 10 25 20 200 1.35 4.00 1.05 10.57 4.68 
10 1 5.00 0.50 10 20 20 254 1.17 5.19 0.98 10.70 5.08 
11 1 5.00 0.50 2 20 30 200 1.48 5.04 1.20 11.79 3.33 
12 1 2.00 1.50 2 25 30 200 1.38 1.99 2.06 5.29 2.67 
13 1 2.00 0.50 2 20 20 200 3.45 2.86 1.01 11.80 4.70 
14 1 5.00 1.50 2 20 20 254 4.40 2.58 0.00 7.22 4.47 
15 1 2.00 0.50 10 25 30 200 1.75 1.23 0.00 5.42 2.91 
16 1 5.00 0.50 2 25 30 254 1.57 4.17 1.18 11.00 3.10 
17 1 2.00 1.50 10 20 20 200 1.07 2.27 1.99 5.32 4.35 
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Table C 2. Results of BBD optimizing experiments 
RunOrder [TMA] [HMOH] Inj time Field R1,2 R2,3 R3,4 R4,5 t Sym1 Sym2 Sym3 Sym4 Sym5 
1 2.00 1.00 6 30 1.79 2.04 1.86 5.86 2.69 1.98 1.56 1.27 0.93 0.52 
2 2.00 1.00 2 25 2.18 2.07 1.45 4.49 3.24 1.21 1.45 1.28 0.32 0.31 
3 3.50 1.50 10 25 0.83 2.33 1.93 6.49 3.21 5.84 1.24 1.64 0.95 0.98 
4 5.00 1.00 6 30 0.96 3.30 1.08 3.26 2.82 0.00 0.99 1.29 0.25 0.24 
5 3.50 1.00 6 25 1.48 2.49 1.30 5.16 3.33 1.54 1.29 1.55 0.35 0.33 
6 5.00 0.50 6 25 1.42 3.68 1.01 10.26 3.74 1.57 1.22 1.65 0.57 0.67 
7 3.50 1.00 6 25 1.55 2.56 1.28 4.96 3.35 1.46 1.22 1.52 0.31 0.30 
8 3.50 1.50 6 20 1.09 2.87 2.15 7.31 4.05 2.21 1.29 1.79 0.57 0.69 
9 2.00 1.50 6 25 1.23 1.76 1.97 5.96 3.22 2.01 1.58 1.69 0.65 0.68 
10 2.00 1.00 10 25 1.15 1.34 1.06 4.85 3.28 1.99 1.54 1.41 0.62 0.56 
11 3.50 0.50 6 20 1.77 2.91 1.04 9.25 4.48 1.96 1.90 2.02 0.65 0.60 
12 2.00 0.50 6 25 2.19 1.65 0.93 9.41 3.47 1.92 2.13 1.86 0.51 0.74 
13 3.50 0.50 10 25 1.45 2.68 0.98 8.64 3.57 1.88 1.75 2.15 0.63 0.76 
14 5.00 1.00 6 20 1.00 3.39 1.02 3.51 3.43 3.27 0.90 1.46 1.18 1.17 
15 3.50 0.50 2 25 2.17 3.91 1.37 10.83 3.58 1.03 1.14 1.07 0.54 0.56 
16 5.00 1.00 2 25 1.34 4.13 0.93 2.93 3.44 1.07 0.67 1.07 0.11 0.12 
17 3.50 1.00 6 25 1.48 2.42 1.18 4.52 3.34 1.49 1.24 1.60 0.28 0.27 
18 3.50 1.00 2 20 1.95 3.44 1.34 3.98 4.10 1.22 1.08 1.35 0.18 0.19 
19 2.00 1.00 6 20 1.72 1.65 1.38 5.45 4.09 2.12 2.39 2.16 0.46 0.45 
20 3.50 1.50 6 30 1.11 2.38 1.94 6.09 2.69 2.18 1.13 1.29 0.58 0.57 
21 3.50 1.00 2 30 1.68 2.77 1.80 8.82 2.79 0.95 0.89 1.08 0.16 0.22 
22 3.50 1.00 10 20 1.29 2.23 1.06 4.47 4.18 2.71 1.71 2.45 0.34 0.33 
23 5.00 1.50 6 25 2.13 1.47 0.00 4.63 3.29 2.12 1.30 0.62 0.62 0.59 
24 5.00 1.00 10 25 2.38 0.93 0.00 3.27 3.42 2.47 1.79 0.20 0.20 0.21 
25 3.50 0.50 6 30 1.75 2.81 1.08 8.75 2.96 1.31 1.34 1.34 0.59 0.63 
26 3.50 1.50 2 25 1.57 3.35 2.41 7.04 3.26 1.06 0.99 1.17 0.47 0.47 
27 3.50 1.00 10 30 1.13 2.12 0.98 3.57 2.78 1.83 1.32 1.51 0.25 0.28 
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Figure C 29. Pareto Charts showing the effects of the 6 factors on peak resolution (R1,2) 
response. 
 
 
 
 
 
 
 
 
 
Figure C 30. Pareto Charts showing the effects of the 6 factors on peak resolution (R2,3) 
response. 
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Figure C 31. Pareto Charts showing the effects of the 6 factors on peak resolution (R3,4) 
response. 
 
 
 
 
 
 
 
 
 
 
Figure C 32. Pareto Charts showing the effects of the 6 factors on peak resolution (R4,5) 
response. 
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Figure C 33. Pareto Charts showing the effects of the 6 factors on migration time (t) of 
last migrating peak  
 
 
Calculations: 
The resolution factor (𝑅𝑠) was calculated using the equation: 
     
𝑅1,2 =
2 (𝑡2−𝑡1)
𝑤1+𝑤2
        C-1 
 
Where R1,2 is the peak resolution between two adjacent peaks 1 and 2; t1 is the migration 
time of peak 1 and t2 is the migration time of peak 2. 
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Percent Difference (% Diff) between the predicted and experimental responses was 
calculation using the equation:        
       
% Diff =
|𝑇−𝐸|
1
2
(𝑇+𝐸)
        C-2 
where T is the theoretically predicted response using the mathematical model and E is the 
experimental response. 
 
 
The response surface plots of the influence of [TMA] and [HM2+] on the peak resolution 
factors are presented below: 
 
 
 
 
 
 
 
 
 
 
Figure C 34. Response surface plot of Resolutions R1,2, vs [TMA] and [HM
2+]  
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Figure C 35. Response surface plot of Resolutions R2,3, vs [TMA] and [HM
2+]  
 
 
 
 
 
 
 
 
 
 
 
Figure C 36. Response surface plot of Resolutions R3,4, vs [TMA] and [HM
2+]  
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Figure C 37. Response surface plot of Resolutions R4,5, vs [TMA] and [HM
2+]  
 
 
 
 
 
 
 
 
 
 
 
Figure C 38. Response surface plot of peak symmetry Sym1 vs [TMA] and [HM2+]  
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Figure C 39. Response surface plot of peak symmetry Sym2 vs [TMA] and [HM2+]  
 
 
 
 
 
 
 
 
 
 
Figure C 40. Response surface plot of peak symmetry Sym3 vs [TMA] and [HM2+]  
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Figure C 41. Response surface plot of peak symmetry Sym4 vs [TMA] and [HM2+]  
 
 
 
 
 
 
 
 
 
 
Figure C 42. Response surface plot of peak symmetry Sym5 vs [TMA] and [HM2+]  
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Figure C 43. Response surface plot of migration time of last migrating peak (t) vs [TMA] 
and [HM2+]  
 
 
 
 
 
 
 
 
 
 
 
2
3
4
2.50
.2 57
3.00
0.5
5
0.1
1 5.
523.
t
]HOMH[
]AMT[
257 
 
 
 
 
 
 
 
 
 
 
Figure C 44. Calibration curve for sulfate using optimized TMA BGE system   
 
 
 
 
 
 
 
 
 
 
Figure C 45. Calibration curve for thiosulfate using optimized PMA BGE system   
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Figure C 46. Calibration curve for trithionate using optimized PMA BGE system   
 
 
 
 
 
 
 
 
 
 
Figure C 47. Calibration curve for tetrathionate using optimized PMA BGE system   
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Figure C 48. Calibration curve for pentathionate using optimized PMA BGE system   
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Appendix D  
 
Determination of association constants of tricationic-thiosalt ion-pairs using electrospray 
ionization time-of-flight mass spectrometry (ESI-TOF-MS) 
 
 
In this section additional information is provided on the binding isotherms of the ion-
pairing reagents (IP-L-Imid, IP-T-Imid and IP-T-Phos) with the thiosalt species (sulfate 
(SO4
2-), thiosulfate (S2O3
2-), trithionate (S3O6
2-), and tetrathionate (S4O6
2-) showing the 
showing effect of [IP]0 ratio on the signal count (S) of the [IP*TS]
+ ion-pair; quadratic 
model for the relationship between the signal ratio of [IP]3+ and the ion-pairs [IP.TS]+ and 
the initial concentrations of the ion pair reagent [IP]0 and the thiosalt species [TS]0; 
optimization dashboard for optimizing the TOF-MS; and iterative approach to 
determining the association constants. The mass spectra of unimolar (10 µM) mixtures of 
the three ion-pair reagents and the four thiosalt species are also reported in this section. 
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Figure D 1: Binding isotherm of IP-T-Imid with four thiosalt species showing effect of 
[IP-T-Phos] on the signal intensity (S) of the [IP-T-Phos:SO4]
+, [IP-T-Phos:S2O3]
+ , [IP-
T-Phos:S3O6]
+ and [IP-T-Phos:S4O6]
+ ion-pairs 
 
 
 
 
 
 
 
 
 
 
Figure D 49: Binding isotherm of IP-T-Imid with four thiosalt species showing effect of 
[IP-L-Imid] on the signal intensity (S) of the [IP-L-Imid:SO4]
+, [IP-L-Imid:S2O3]
+ , [IP-L-
Imid:S3O6]
+ and [IP-L-Imid:S4O6]
+ ion-pairs 
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Figure D 3: Binding isotherm of IP-T-Imid with four thiosalt species showing effect of 
[IP-T-Imid] on the signal intensity (S) of the [IP-T-Imid:SO4]
+, [IP-T-Imid:S2O3]
+ , [IP-T-
Imid:S3O6]
+ and [IP-T-Imid:S4O6]
+ ion-pairs 
 
 
The model used for determination of association constant was based on the real root of 
the quadratic equation: 
𝑆𝑅 =
−(1+𝐾𝑎𝑠𝑠𝑜𝑐 [𝐼𝑃] 0−𝐾𝑎𝑠𝑠𝑜𝑐 [𝑇𝑆]0)+√(1+𝐾𝑎𝑠𝑠𝑜𝑐 [𝐼𝑃] 0−𝐾𝑎𝑠𝑠𝑜𝑐 [𝑇𝑆]0)
2+4𝐾𝑎𝑠𝑠𝑜𝑐 [𝑇𝑆]0
2
   (D-1) 
 
The following tables show the iterative approach to fitting the non-linear equation. The 
smallest residuals (tolerance) for convergence was found to vary from one system to the 
other.  
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In the optimization of TOF-MS for the analysis of gas phase ion-pairs, a Box-Behnken 
multivariate experimental design approach was utilized. Fifteen (15) experiments were 
performed and the optimal conditions modeled. The experimental values and the ones 
predicted by the model were very close with percentage difference ~ 20%. The dashboard 
of the interactions of the TOF-MS parameters and the optimum conditions (in red) are 
shown below:  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D 4. Experimental design dashboard showing optimization of TOF MS for the 
analysis of trication – thiosalt ion-pairs in the positive mode ESI
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Iteration for convergence (reducing residuals) approach for non-linear (quadratic) model fitting for determination of 
Kassoc 
Table D1.  IP-T-Phos: Tetrathionate Trial 1 
 
Table D2. IP-T-Phos: Tetrathionate Trial 2 
TS0 uM IP0 uM TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 6.3390E+05 2.1481E+04 37850 0.033887 0.07439 -4.0503E-02 0.001640 
2.00 1.00 0.000002 0.0000010 9.4855E+05 4.2946E+04 37850 0.045275 0.07312 -2.7846E-02 0.000775 
2.00 2.00 0.000002 0.0000020 1.3586E+06 8.1089E+04 37850 0.059686 0.0707 -1.1015E-02 0.000121 
2.00 4.00 0.000002 0.0000040 1.7373E+06 1.3244E+05 37850 0.076238 0.06629 9.9501E-03 0.000099 
2.00 6.00 0.000002 0.0000060 1.9143E+06 1.5796E+05 37850 0.082520 0.06237 2.0152E-02 0.000406 
2.00 8.00 0.000002 0.0000080 2.0145E+06 1.6394E+05 37850 0.081383 0.05887 2.2517E-02 0.000507 
2.00 10.00 0.000002 0.0000100 2.0239E+06 1.6737E+05 37850 0.082695 0.05572 2.6972E-02 0.000728 
        Σ 0.000227 0.004277 
 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S  IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 6.3580E+05 2.1925E+04 38150 0.034484 0.07497 -4.0485E-02 0.001639 
2.00 1.00 0.000002 0.0000010 9.2135E+05 4.1493E+04 38150 0.045035 0.07368 -2.8647E-02 0.000821 
2.00 2.00 0.000002 0.0000020 1.3615E+06 8.1848E+04 38150 0.060117 0.07123 -1.1110E-02 0.000123 
2.00 4.00 0.000002 0.0000040 1.7387E+06 1.3314E+05 38150 0.076579 0.06675 9.8274E-03 0.000097 
2.00 6.00 0.000002 0.0000060 1.9281E+06 1.6006E+05 38150 0.083011 0.06278 2.0232E-02 0.000409 
2.00 8.00 0.000002 0.0000080 1.9919E+06 1.6600E+05 38150 0.083336 0.05923 2.4103E-02 0.000581 
2.00 10.00 0.000002 0.0000100 2.0663E+06 1.6993E+05 38150 0.082238 0.05605 2.6187E-02 0.000686 
        
Σ 0.000108 0.004356 
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Table D 3. IP-T-Phos: Trithionate Trial 1 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 6.1276E+05 2.4282E+04 49260 0.039627 0.09636 -5.6729E-02 0.003218 
2.00 1.00 0.000002 0.0000010 9.5919E+05 5.1429E+04 49260 0.053618 0.09428 -4.0658E-02 0.001653 
2.00 2.00 0.000002 0.0000020 1.3752E+06 9.6927E+04 49260 0.070483 0.09036 -1.9873E-02 0.000395 
2.00 4.00 0.000002 0.0000040 1.7597E+06 1.6218E+05 49260 0.092162 0.08336 8.8036E-03 0.000078 
2.00 6.00 0.000002 0.0000060 1.9322E+06 1.9610E+05 49260 0.101490 0.07731 2.4180E-02 0.000585 
2.00 8.00 0.000002 0.0000080 2.0228E+06 2.1957E+05 49260 0.108549 0.07204 3.6510E-02 0.001333 
2.00 10.00 0.000002 0.0000100 2.0081E+06 2.3137E+05 49260 0.115219 0.06741 4.7808E-02 0.002286 
        
Σ 0.000043 0.009547 
 
Table D 4. IP-T-Phos: Trithionate Trial 2 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 6.1230E+05 2.4322E+04 48870 0.039723 0.09561 -5.5885E-02 0.003123 
2.00 1.00 0.000002 0.0000010 9.6195E+05 5.1765E+04 48870 0.053812 0.09356 -3.9747E-02 0.001580 
2.00 2.00 0.000002 0.0000020 1.2864E+06 8.9149E+04 48870 0.069303 0.08969 -2.0392E-02 0.000416 
2.00 4.00 0.000002 0.0000040 1.7497E+06 1.6077E+05 48870 0.091880 0.08279 9.0871E-03 0.000083 
2.00 6.00 0.000002 0.0000060 1.9303E+06 1.9728E+05 48870 0.102201 0.07682 2.5380E-02 0.000644 
2.00 8.00 0.000002 0.0000080 2.0172E+06 2.1874E+05 48870 0.108439 0.07161 3.6826E-02 0.001356 
2.00 10.00 0.000002 0.0000100 2.0145E+06 2.2522E+05 48870 0.111800 0.06704 4.4762E-02 0.002004 
        
Σ 0.000032 0.009205 
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Table D 5. IP-T-Phos: Thiosulfate Trial 1 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 5.8334E+05 8.8702E+03 5582 0.015206 0.01113 4.0725E-03 0.000017 
2.00 1.00 0.000002 0.0000010 9.2781E+05 1.0417E+04 5582 0.011227 0.0111 1.2452E-04 0.000000 
2.00 2.00 0.000002 0.0000020 1.4409E+06 1.2502E+04 5582 0.008676 0.01104 -2.3660E-03 0.000006 
2.00 4.00 0.000002 0.0000040 1.6951E+06 1.2705E+04 5582 0.007495 0.01092 -3.4274E-03 0.000012 
2.00 6.00 0.000002 0.0000060 1.8524E+06 1.8291E+04 5582 0.009874 0.01081 -9.3177E-04 0.000001 
2.00 8.00 0.000002 0.0000080 1.8237E+06 1.9866E+04 5582 0.010894 0.01069 2.0195E-04 0.000000 
2.00 10.00 0.000002 0.0000100 1.7103E+06 2.2076E+04 5582 0.012908 0.01058 2.3280E-03 0.000005 
        
Σ 0.000002 0.000040 
 
Table D6. IP-T-Phos: Thiosulfate Trial 2 
TS0 uM IP0 uM TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 5.7995E+05 8.7142E+03 5532 0.015026 0.01103 3.9919E-03 0.000016 
2.00 1.00 0.000002 0.0000010 9.4728E+05 1.0153E+04 5532 0.010718 0.011 -2.8567E-04 0.000000 
2.00 2.00 0.000002 0.0000020 1.3958E+06 1.2030E+04 5532 0.008618 0.01094 -2.3258E-03 0.000005 
2.00 4.00 0.000002 0.0000040 1.6458E+06 1.2797E+04 5532 0.007776 0.01083 -3.0514E-03 0.000009 
2.00 6.00 0.000002 0.0000060 1.7252E+06 1.7642E+04 5532 0.010226 0.01071 -4.8622E-04 0.000000 
2.00 8.00 0.000002 0.0000080 1.8430E+06 1.8967E+04 5532 0.010291 0.0106 -3.0860E-04 0.000000 
2.00 10.00 0.000002 0.0000100 1.6936E+06 2.1953E+04 5532 0.012962 0.01049 2.4722E-03 0.000006 
        
Σ 0.000006 0.000037 
 
 
 
267 
 
Table D 7. IP-T-Phos: Sulfate Trial 1 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
8.00 2.00 0.000008 0.0000020 1.2308E+06 2.4312E+03 732 0.001975 0.00585 -3.8723E-03 0.000015 
8.00 4.00 0.000008 0.0000040 1.6985E+06 5.7975E+03 732 0.003413 0.00584 -2.4257E-03 0.000006 
8.00 8.00 0.000008 0.0000080 1.8682E+06 1.2524E+04 732 0.006704 0.00582 8.8171E-04 0.000001 
8.00 16.00 0.000008 0.0000160 1.8048E+06 1.6300E+04 732 0.009031 0.00579 3.2428E-03 0.000011 
8.00 24.00 0.000008 0.0000240 1.8742E+06 1.4039E+04 732 0.007490 0.00576 1.7349E-03 0.000003 
8.00 32.00 0.000008 0.0000320 1.7777E+06 1.1268E+04 732 0.006339 0.00572 6.1601E-04 0.000000 
8.00 40.00 0.000008 0.0000400 1.7328E+06 9.6348E+03 732 0.005560 0.00569 -1.3017E-04 0.000000 
        
Σ 0.000047 0.000036 
 
Table D 8. IP-T-Phos: Sulfate Trial 2 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
8.00 2.00 0.000008 0.0000020 1.2292E+06 2.9152E+03 769 0.002372 0.00614 -3.7710E-03 0.000014 
8.00 4.00 0.000008 0.0000040 1.7064E+06 6.8025E+03 769 0.003987 0.00613 -2.1467E-03 0.000005 
8.00 8.00 0.000008 0.0000080 1.8311E+06 1.2358E+04 769 0.006749 0.00611 6.3433E-04 0.000000 
8.00 16.00 0.000008 0.0000160 1.8795E+06 1.6822E+04 769 0.008950 0.00608 2.8724E-03 0.000008 
8.00 24.00 0.000008 0.0000240 1.8583E+06 1.4723E+04 769 0.007923 0.00604 1.8818E-03 0.000004 
8.00 32.00 0.000008 0.0000320 1.7173E+06 1.1312E+04 769 0.006587 0.00601 5.8177E-04 0.000000 
8.00 40.00 0.000008 0.0000400 1.7498E+06 1.0434E+04 769 0.005963 0.00597 -6.5719E-06 0.000000 
        
Σ 0.000046 0.000031 
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Table D 9. IP-L-Imid: Tetrathionate Trial 1 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 2.1186E+04 4.5082E+03 141790 0.212790 0.26857 -5.5781E-02 0.003112 
2.00 1.00 0.000002 0.0000010 2.2835E+04 5.1280E+03 141790 0.224567 0.25479 -3.0222E-02 0.000913 
2.00 2.00 0.000002 0.0000020 2.6430E+04 6.3753E+03 141790 0.241212 0.23047 1.0747E-02 0.000115 
2.00 4.00 0.000002 0.0000040 2.8180E+04 6.3249E+03 141790 0.224445 0.19216 3.2284E-02 0.001042 
2.00 6.00 0.000002 0.0000060 2.8824E+04 5.2933E+03 141790 0.183641 0.16383 1.9815E-02 0.000393 
2.00 8.00 0.000002 0.0000080 2.9234E+04 4.6500E+03 141790 0.159060 0.14229 1.6774E-02 0.000281 
2.00 10.00 0.000002 0.0000100 2.9497E+04 3.8902E+03 141790 0.131884 0.12549 6.3960E-03 0.000041 
        
 Σ 0.00001255 0.00589753 
 
 
Table D 10. IP-L-Imid: Tetrathionate Trial 2 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 2.0972E+04 4.6413E+03 147640 0.221307 0.27917 -5.7862E-02 0.003348 
2.00 1.00 0.000002 0.0000010 2.3732E+04 5.6503E+03 147640 0.238088 0.26441 -2.6319E-02 0.000693 
2.00 2.00 0.000002 0.0000020 2.5749E+04 6.3174E+03 147640 0.245347 0.23843 6.9159E-03 0.000048 
2.00 4.00 0.000002 0.0000040 2.7515E+04 6.1317E+03 147640 0.222850 0.19777 2.5080E-02 0.000629 
2.00 6.00 0.000002 0.0000060 2.8023E+04 5.4488E+03 147640 0.194445 0.16792 2.6527E-02 0.000704 
2.00 8.00 0.000002 0.0000080 2.8926E+04 4.7382E+03 147640 0.163807 0.14537 1.8435E-02 0.000340 
2.00 10.00 0.000002 0.0000100 2.8445E+04 3.8444E+03 147640 0.135152 0.12788 7.2702E-03 0.000053 
        
 Σ 0.00004759 0.00581394 
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Table D 11. IP-L-Imid: Trithionate Trial 1 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 1.7261E+04 7.3440E+03 357420 0.425479 0.64478 -2.1930E-01 0.048094 
2.00 1.00 0.000002 0.0000010 1.9893E+04 8.5683E+03 357420 0.430725 0.58318 -1.5246E-01 0.023243 
2.00 2.00 0.000002 0.0000020 2.2652E+04 9.3269E+03 357420 0.411747 0.48226 -7.0516E-02 0.004972 
2.00 4.00 0.000002 0.0000040 2.4365E+04 9.4394E+03 357420 0.387410 0.34674 4.0667E-02 0.001654 
2.00 6.00 0.000002 0.0000060 2.4935E+04 9.7838E+03 357420 0.392376 0.26525 1.2712E-01 0.016160 
2.00 8.00 0.000002 0.0000080 2.6472E+04 9.2193E+03 357420 0.348265 0.21291 1.3535E-01 0.018320 
2.00 10.00 0.000002 0.0000100 2.6125E+04 8.2629E+03 357420 0.316281 0.1771 1.3918E-01 0.019372 
        
Σ 0.00005231 0.13181579 
 
 
Table D 12. IP-L-Imid: Trithionate Trial 2 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 1.7420E+04 7.2309E+03 353720 0.415096 0.63852 -2.2342E-01 0.049918 
2.00 1.00 0.000002 0.0000010 2.0141E+04 8.5349E+03 353720 0.423766 0.57789 -1.5413E-01 0.023755 
2.00 2.00 0.000002 0.0000020 2.2760E+04 9.2159E+03 353720 0.404922 0.47849 -7.3567E-02 0.005412 
2.00 4.00 0.000002 0.0000040 2.3954E+04 9.7768E+03 353720 0.408155 0.34473 6.3427E-02 0.004023 
2.00 6.00 0.000002 0.0000060 2.5907E+04 1.0057E+04 353720 0.388185 0.26407 1.2411E-01 0.015404 
2.00 8.00 0.000002 0.0000080 2.5817E+04 8.7804E+03 353720 0.340096 0.21216 1.2794E-01 0.016368 
2.00 10.00 0.000002 0.0000100 2.6634E+04 8.3158E+03 353720 0.312230 0.17658 1.3565E-01 0.018401 
        Σ 0.00000975 0.13328056 
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Table D 13. IP-L-Imid: Thiosulfate Trial 1 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 1.8544E+04 9.0700E+02 36320 0.048911 0.07143 -2.2518E-02 0.000507 
2.00 1.00 0.000002 0.0000010 2.0476E+04 1.0501E+03 36320 0.051285 0.07026 -1.8971E-02 0.000360 
2.00 2.00 0.000002 0.0000020 2.3889E+04 1.5401E+03 36320 0.064469 0.06801 -3.5450E-03 0.000013 
2.00 4.00 0.000002 0.0000040 2.5415E+04 1.6273E+03 36320 0.064030 0.06391 1.1748E-04 0.000000 
2.00 6.00 0.000002 0.0000060 2.6582E+04 1.9535E+03 36320 0.073489 0.06026 1.3234E-02 0.000175 
2.00 8.00 0.000002 0.0000080 2.7139E+04 1.9023E+03 36320 0.070096 0.05698 1.3119E-02 0.000172 
2.00 10.00 0.000002 0.0000100 2.7936E+04 2.0295E+03 36320 0.072648 0.05402 1.8624E-02 0.000347 
        
Σ 0.00005987 0.00157364 
 
Table D 14. IP-L-Imid: Thiosulfate Trial 2 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 1.8494E+04 7.7963E+02 30898 0.042156 0.06091 -1.8753E-02 0.000352 
2.00 1.00 0.000002 0.0000010 2.0360E+05 1.0379E+03 30898 0.005098 0.06005 -5.4948E-02 0.003019 
2.00 2.00 0.000002 0.0000020 2.3436E+04 1.4589E+03 30898 0.062251 0.05839 3.8639E-03 0.000015 
2.00 4.00 0.000002 0.0000040 2.5147E+04 1.6970E+03 30898 0.067485 0.05532 1.2167E-02 0.000148 
2.00 6.00 0.000002 0.0000060 2.5874E+04 1.7403E+03 30898 0.067260 0.05254 1.4718E-02 0.000217 
2.00 8.00 0.000002 0.0000080 2.6914E+04 1.8407E+03 30898 0.068391 0.05002 1.8370E-02 0.000337 
2.00 10.00 0.000002 0.0000100 2.9095E+04 2.1039E+03 30898 0.072310 0.04772 2.4588E-02 0.000605 
        
Σ 0.00000615 0.00469258 
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Table D 15. IP-L-Imid: Sulfate Trial 1 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
8.00 2.00 0.000008 0.0000020 1.2941E+06 1.2114E+03 682 0.000936 0.00545 -4.5125E-03 0.000020 
8.00 4.00 0.000008 0.0000040 1.6711E+06 3.8088E+03 682 0.002279 0.00544 -3.1620E-03 0.000010 
8.00 8.00 0.000008 0.0000080 1.8915E+06 6.5742E+03 682 0.003476 0.00543 -1.9508E-03 0.000004 
8.00 16.00 0.000008 0.0000160 2.0759E+06 1.1628E+04 682 0.005601 0.0054 2.0375E-04 0.000000 
8.00 24.00 0.000008 0.0000240 2.1462E+06 1.8242E+04 682 0.008499 0.00537 3.1307E-03 0.000010 
8.00 32.00 0.000008 0.0000320 2.1041E+06 1.8041E+04 682 0.008574 0.00534 3.2339E-03 0.000010 
8.00 40.00 0.000008 0.0000400 2.1467E+06 1.8007E+04 682 0.008388 0.00531 3.0762E-03 0.000009 
        
Σ 0.00001924 0.00006393 
 
Table D 16. IP-L-Imid: Sulfate Trial 2 
 
 
 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S  IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
8.00 2.00 0.000008 0.0000020 1.2544E+06 1.2474E+03 688 0.000994 0.0055 -4.5021E-03 0.000020 
8.00 4.00 0.000008 0.0000040 1.6871E+06 4.4059E+03 688 0.002611 0.00549 -2.8775E-03 0.000008 
8.00 8.00 0.000008 0.0000080 1.9197E+06 6.4610E+03 688 0.003366 0.00547 -2.1083E-03 0.000004 
8.00 16.00 0.000008 0.0000160 2.0657E+06 1.2270E+04 688 0.005940 0.00544 4.9537E-04 0.000000 
8.00 24.00 0.000008 0.0000240 2.1241E+06 1.8931E+04 688 0.008912 0.00542 3.4973E-03 0.000012 
8.00 32.00 0.000008 0.0000320 2.1502E+06 1.8762E+04 688 0.008726 0.00539 3.3399E-03 0.000011 
8.00 40.00 0.000008 0.0000400 2.1271E+06 1.5992E+04 688 0.007518 0.00536 2.1611E-03 0.000005 
        
Σ 0.00000578 0.00006130 
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Table D 17.  IP-T-Imid: Tetrathionate Trial 1 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 2.6327E+05 1.9479E+04 104406 0.073987 0.20011 -1.2612E-01 0.015906 
2.00 1.00 0.000002 0.0000010 4.4979E+05 4.5935E+04 104406 0.102125 0.192 -8.9870E-02 0.008077 
2.00 2.00 0.000002 0.0000020 7.1741E+05 1.0203E+05 104406 0.142221 0.17736 -3.5136E-02 0.001235 
2.00 4.00 0.000002 0.0000040 9.9498E+05 1.8087E+05 104406 0.181783 0.1533 2.8483E-02 0.000811 
2.00 6.00 0.000002 0.0000060 1.0480E+06 2.0560E+05 104406 0.196187 0.13453 6.1656E-02 0.003802 
2.00 8.00 0.000002 0.0000080 1.2309E+06 2.4426E+05 104406 0.198436 0.11959 7.8843E-02 0.006216 
2.00 10.00 0.000002 0.0000100 1.2605E+06 2.3906E+05 104406 0.189659 0.10748 8.2175E-02 0.006753 
        
Σ 0.000032 0.042799 
 
Table D 18. IP-T-Imid: Tetrathionate Trial 2 
 
 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S  IP
.TS K SR obs SR cal + obs-cal 
(obs-
cal)^2 
2.00 0.50 0.000002 0.0000005 2.5164E+05 1.8582E+04 105100 0.073845 0.20139 -1.2755E-01 0.016268 
2.00 1.00 0.000002 0.0000010 4.6552E+05 4.8586E+04 105100 0.104368 0.19318 -8.8815E-02 0.007888 
2.00 2.00 0.000002 0.0000020 7.1390E+05 1.0132E+05 105100 0.141919 0.17838 -3.6461E-02 0.001329 
2.00 4.00 0.000002 0.0000040 9.8138E+05 1.8345E+05 105100 0.186928 0.15407 3.2854E-02 0.001079 
2.00 6.00 0.000002 0.0000060 1.0681E+06 2.1243E+05 105100 0.198897 0.13513 6.3767E-02 0.004066 
2.00 8.00 0.000002 0.0000080 1.1793E+06 2.3202E+05 105100 0.196749 0.12007 7.6681E-02 0.005880 
2.00 10.00 0.000002 0.0000100 1.2290E+06 2.3102E+05 105100 0.187978 0.10787 8.0110E-02 0.006418 
        
 Σ 0.000589 0.042929 
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Table D 19. IP-T-Imid: Trithionate Trial 1 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 2.7604E+05 1.5733E+04 72460 0.056998 0.14046 -8.3460E-02 0.006966 
2.00 1.00 0.000002 0.0000010 4.6892E+05 3.1539E+04 72460 0.067260 0.13623 -6.8973E-02 0.004757 
2.00 2.00 0.000002 0.0000020 7.2125E+05 6.5260E+04 72460 0.090482 0.12843 -3.7945E-02 0.001440 
2.00 4.00 0.000002 0.0000040 1.0566E+06 1.3778E+05 72460 0.130401 0.11502 1.5380E-02 0.000237 
2.00 6.00 0.000002 0.0000060 1.2034E+06 1.8230E+05 72460 0.151489 0.10397 4.7516E-02 0.002258 
2.00 8.00 0.000002 0.0000080 1.2543E+06 1.9485E+05 72460 0.155349 0.09475 6.0600E-02 0.003672 
2.00 10.00 0.000002 0.0000100 1.3386E+06 2.0599E+05 72460 0.153884 0.08695 6.6930E-02 0.004480 
        
   Σ 0.000047 0.023809 
 
Table D 20. IP-T-Imid: Trithionate Trial 2 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 2.7464E+05 1.5791E+04 73630 0.057497 0.14266 -8.5166E-02 0.007253 
2.00 1.00 0.000002 0.0000010 4.6327E+05 3.0596E+04 73630 0.066043 0.13831 -7.2270E-02 0.005223 
2.00 2.00 0.000002 0.0000020 7.4412E+05 6.9092E+04 73630 0.092850 0.13029 -3.7435E-02 0.001401 
2.00 4.00 0.000002 0.0000040 1.0522E+06 1.4081E+05 73630 0.133818 0.11652 1.7295E-02 0.000299 
2.00 6.00 0.000002 0.0000060 1.1973E+06 1.7956E+05 73630 0.149967 0.10521 4.4761E-02 0.002004 
2.00 8.00 0.000002 0.0000080 1.2767E+06 2.0016E+05 73630 0.156787 0.09578 6.1011E-02 0.003722 
2.00 10.00 0.000002 0.0000100 1.3085E+06 2.0896E+05 73630 0.159698 0.08782 7.1879E-02 0.005167 
         Σ 0.000074 0.025069 
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Table D 21. IP-T-Imid: Thiosulfate Trial 1 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
2.00 0.50 0.000002 0.0000005 2.6928E+05 5.5708E+02 5482 0.002069 0.01093 -8.8656E-03 0.000079 
2.00 1.00 0.000002 0.0000010 4.7239E+05 1.8503E+03 5482 0.003917 0.0109 -6.9879E-03 0.000049 
2.00 2.00 0.000002 0.0000020 7.2830E+05 4.3840E+03 5482 0.006019 0.01085 -4.8269E-03 0.000023 
2.00 4.00 0.000002 0.0000040 1.0028E+06 1.0379E+04 5482 0.010350 0.01073 -3.8072E-04 0.000000 
2.00 6.00 0.000002 0.0000060 1.1513E+06 1.5274E+04 5482 0.013267 0.01062 2.6486E-03 0.000007 
2.00 8.00 0.000002 0.0000080 1.2309E+06 2.2410E+04 5482 0.018206 0.01051 7.6978E-03 0.000059 
2.00 10.00 0.000002 0.0000100 1.2661E+06 2.6735E+04 5482 0.021115 0.0104 1.0716E-02 0.000115 
        
  Σ 0.000001 0.000332 
 
Table D 22. IP-T-Imid: Thiosulfate Trial 2 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal 
(obs-
cal)^2 
2.00 0.50 0.000002 0.0000005 2.6425E+05 5.2144E+02 5177 0.001973 0.01033 -8.3543E-03 0.000070 
2.00 1.00 0.000002 0.0000010 4.7261E+05 1.7809E+03 5177 0.003768 0.0103 -6.5330E-03 0.000043 
2.00 2.00 0.000002 0.0000020 7.1989E+05 4.1161E+03 5177 0.005718 0.01025 -4.5313E-03 0.000021 
2.00 4.00 0.000002 0.0000040 1.0094E+06 8.4789E+03 5177 0.008400 0.01015 -1.7456E-03 0.000003 
2.00 6.00 0.000002 0.0000060 1.1439E+06 1.6512E+04 5177 0.014435 0.01005 4.3895E-03 0.000019 
2.00 8.00 0.000002 0.0000080 1.2659E+06 2.1338E+04 5177 0.016856 0.00995 6.9100E-03 0.000048 
2.00 10.00 0.000002 0.0000100 1.2711E+06 2.5058E+04 5177 0.019715 0.00985 9.8656E-03 0.000097 
        
  Σ 0.000001 0.000300 
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Table D 23. IP-T-Imid: Sulfate Trial 1 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
8.00 2.00 0.000008 0.0000020 6.0832E+05 2.4472E+03 1905 0.004023 0.01518 -1.1160E-02 0.000125 
8.00 4.00 0.000008 0.0000040 8.6474E+05 5.5535E+03 1905 0.006422 0.01513 -8.7043E-03 0.000076 
8.00 8.00 0.000008 0.0000080 1.1361E+06 1.3968E+04 1905 0.012295 0.01501 -2.7197E-03 0.000007 
8.00 16.00 0.000008 0.0000160 1.3079E+06 2.0681E+04 1905 0.015812 0.0148 1.0168E-03 0.000001 
8.00 24.00 0.000008 0.0000240 1.3797E+06 2.4504E+04 1905 0.017760 0.01458 3.1775E-03 0.000010 
8.00 32.00 0.000008 0.0000320 1.3973E+06 3.2662E+04 1905 0.023375 0.01438 8.9990E-03 0.000081 
8.00 40.00 0.000008 0.0000400 1.4474E+06 3.4184E+04 1905 0.023618 0.01417 9.4429E-03 0.000089 
        
 Σ 0.000052 0.000389 
 
Table D 24. IP-T-Imid: Sulfate Trial 2 
TS0 uM  IP0 uM  TS0 M IP0 M S IP S IP
.TS K SR obs SR cal + obs-cal (obs-cal)^2 
8.00 2.00 0.000008 0.0000020 6.1063E+05 2.2970E+03 1872 0.003762 0.01492 -1.1159E-02 0.000125 
8.00 4.00 0.000008 0.0000040 8.6115E+05 5.8669E+03 1872 0.006813 0.01487 -8.0535E-03 0.000065 
8.00 8.00 0.000008 0.0000080 1.1333E+06 1.3016E+04 1872 0.011485 0.01476 -3.2734E-03 0.000011 
8.00 16.00 0.000008 0.0000160 1.3289E+06 2.1335E+04 1872 0.016054 0.01455 1.5079E-03 0.000002 
8.00 24.00 0.000008 0.0000240 1.3449E+06 2.4357E+04 1872 0.018111 0.01434 3.7706E-03 0.000014 
8.00 32.00 0.000008 0.0000320 1.4335E+06 3.2947E+04 1872 0.022984 0.01414 8.8436E-03 0.000078 
8.00 40.00 0.000008 0.0000400 1.4239E+06 3.1827E+04 1872 0.022352 0.01395 8.4056E-03 0.000071 
         Σ 0.000041 0.000365 
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Figure D 5. FIA-ESI-TOF mass spectrum showing signals for equimolar (10 µM each) of IP-T-Phos and SO4
2- showing [IP-T-
Phos:SO4]
+ (m/z 693) and that of [IP-T-Phos3+] alone  (m/z 199) 
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Figure D 6. FIA-ESI-TOF mass spectrum showing signals for equimolar (10 µM each) of IP-T-Phos and S2O3
2- showing [IP-
T-Phos:S2O3]
+ (m/z 709) and that of [IP-T-Phos3+] alone  (m/z 199) 
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Figure D 7. FIA-ESI-TOF mass spectrum showing signals for equimolar (10 µM each) of IP-T-Phos and S3O6
2- showing [IP-
T-Phos:S3O6]
+ (m/z 789) and that of [IP-T-Phos3+] alone  (m/z 199) 
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Figure D 8. FIA-ESI-TOF mass spectrum showing signals for equimolar (10 µM each) of IP-T-Phos and S4O6
2- showing [IP-
T-Phos:S4O6]
+ (m/z 821) and that of [IP-T-Phos3+] alone  (m/z 199) 
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Figure D 9. FIA-ESI-TOF mass spectrum showing signals for equimolar (10 µM each) of IP-T-Imid and SO4
2- showing [IP-T-
Imid:SO4]
+ (m/z 627) and that of [IP-T-Imid3+] alone  (m/z 177) 
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Figure D 10. FIA-ESI-TOF mass spectrum showing signals for equimolar (10 µM each) of IP-T-Imid and S2O3
2- showing [IP-
T-Imid:S2O3]
+ (m/z 643) and that of [IP-T-Imid3+] alone  (m/z 177) 
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Figure D 11. FIA-ESI-TOF mass spectrum showing signals for equimolar (10 µM each) of IP-T-Imid and S3O6
2- showing [IP-
T-Imid:S3O6]
+ (m/z 723) and that of [IP-T-Imid3+] alone  (m/z 177) 
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Figure D 12. FIA-ESI-TOF mass spectrum showing signals for equimolar (10 µM each) of IP-T-Imid and S4O6
2- showing [IP-
T-Imid:S4O6]
+ (m/z 755) and that of [IP-T-Imid3+] alone  (m/z 177) 
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Figure D 13.. FIA-ESI-TOF mass spectrum showing signals for equimolar (10 µM each) of IP-L-Imid and SO4
2- showing [IP-
L-Imid:SO4]
+ (m/z 647) and that of [IP-L-Imid3+] alone  (m/z 183) 
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Figure D 14. FIA-ESI-TOF mass spectrum showing signals for equimolar (10 µM each) of IP-L-Imid and S2O3
2- showing [IP-
L-Imid:S2O3]
+ (m/z 663) and that of [IP-L-Imid3+] alone  (m/z 183) 
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Figure D 15. FIA-ESI-TOF mass spectrum showing signals for equimolar (10 µM each) of IP-L-Imid and S3O6
2- showing [IP-
L-Imid:S3O6]
+ (m/z 743) and that of [IP-L-Imid3+] alone  (m/z 183) 
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Figure D 16. FIA-ESI-TOF mass spectrum showing signals for equimolar (10 µM each) of IP-L-Imid and S4O6
2- showing [IP-
L-Imid:S4O6]
+ (m/z 775) and that of [IP-L-Imid3+] alone  (m/z 183)
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